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INTRODUCTION 

A major  g o a l  i n  c o a l  c h e m i s t r y  i s  u n d e r s t a n d i n g  t h e  c h e m i c a l  
r e a c t i o n s  which o c c u r  i n  c o a l s ,  e s p e c i a l l y  t h o s e  r e a c t i o n s  which  
o c c u r  d u r i n g  c o a l  c o n v e r s i o n .  One f r e q u e n t l y  used  a p p r o a c h  i s  t o  
s t u d y  t h e  r e a c t i o n  of compounds which a r e  t h o u g h t  t o  c o n t a i n  s p e c i f i c  
f u n c t i o n a l  groups  which o c c u r  i n  c o a l s  and assume t h e s e  f u n c t i o n a l  
g r o u p s  w i l l  r e a c t  i d e n t i c a l l y  i n  t h e , , c o a l  and i n  t h e  model s y s t e m .  
T h i s  p a p e r  i s  an e x p l o r a t i o n  of t h e  model compound" a p p r o a c h  and a n  
a t t e m p t  t o  d e v e l o p  c r i t e r i a  f o r  j u d g i n g  t h e  r e l e v a n c e  of "model 
compound" s t u d i e s  t o  more complex c o a l  sys tems.  

To p r o v i d e  c o r r e c t  i n s i g h t s  i n t o  t h e  c h e m i s t r y  which o c c u r s  d u r i n g  a 
r e a c t i o n  of  a c o a l ,  t h r e e  major  c r i t e r i a  must be  met: 1) The 
f u n c t i o n a l  group b e i n g  s t u d i e d  must e x i s t  i n  c o a l s  and i t s  r e a c t i v i t y  
r a n g e  i n  c o a l s  due  t o  d i f f e r e n t  s u b s t i t u e n t  e f f e c t s  must be 
u n d e r s t o o d  and e x p l i c i t l y  c o n s i d e r e d .  2 )  Knowledge o f  t h e  r e a c t i o n  
e n v i r o n m e n t  i n  t h e  c o a l  must be u n d e r s t o o d  a t  a l e v e l  which a l l o w s  
r e a c t i v i t y  t o  be  c o r r e c t e d  f o r  d i f f e r e n c e s  i n  envi ronment .  T h i s  
i n c l u d e s  c o r r e c t i n g  r e a c t i o n s  f o r  " s o l v e n t  e f f e c t s " .  3 )  The a c t u a l  
r e a c t i o n  o c c u r r i n g  i n  t h e  c o a l  must be  i d e n t i f i e d  and u n d e r s t o o d .  I f  
a l l  t h e s e  c r i t e r i a  a r e  m e t ,  t h e  u s e  of "model compounds" can  be a 
v e r y  p o w e r f u l  means f o r  e x p l o r i n g  c o a l  r e a c t i v i t y .  I f  even  one  of  
t h e  c r i t e r i a  i s  n o t  met ,  t h e n  t h e  "model compound" s t u d y  may n o t  
p r o v i d e  i n s i g h t  i n t o  t h e  c h e m i s t r y  o c c u r r i n g  i n  t h e  c o a l .  

I t  i s  my b e l i e f  t h a t  o u r  knowledge of c o a l  s t r u c t u r e  i s  s u f f i c i e n t l y  
i n c o m p l e t e  t o  make t h e  r o u t i n e  u t i l i z a t i o n  of model compounds unwise .  
A w i s e  a p p r o a c h  i s  t o  i d e n t i f y  a r e a c t i o n  which i s  o c c u r r i n g  i n  c o a l s  
and t h e n  t o  d e v e l o p  a t h o r o u g h  u n d e r s t a n d i n g  of t h a t  r e a c t i o n  and how 
i t  w i l l  be a l t e r e d  when i t  o c c u r s  i n  a c o a l ' s  macromolecular  sys tem.  
T h i s  w i l l  i n v o l v e  work w i t h  p u r e  compounds, some of  which may b e ,  b u t  
d o  n o t  need t o  b e ,  d i r e c t l y  r e p r e s e n t a t i v e  of c o a l  s t r u c t u r e s .  
O f t e n ,  t h e  g r e a t e s t  i n s i g h t  i n t o  r e a c t i o n s  comes from working  a t  t h e  
e x t r e m e s  of r e a c t i v i t y .  It  i s  much b e t t e r  t o  u n d e r s t a n d  t h e  
r e a c t i o n  t h o r o u g h l y  t h a n  it i s  t o  c a r r y  o u t  an i n c o m p l e t e l y  
u n d e r s t o o d  r e a c t i o n  on m o l e c u l e s  which a r e  b e l i e v e d  t o  be 
r e p r e s e n t a t i v e  of  s t r u c t u r e s  which o c c u r  i n  c o a l s .  Once t h e  r e a c t i o n  
i s  u n d e r s t o o d ,  a t t e m p t s  can  be made t o  e x t r a p o l a t e  t h i s  c h e m i s t r y  
i n t o  t h e  complex macromolecular  c o a l  sys tem.  I n  d o i n g  t h i s ,  i t  i s  
incumbent  upon u s  t o  e x p l i c i t l y  r e c o g n i z e  t h e  u n c e r t a i n t i e s  in t h a t  
e x t r a p o l a t i o n  which  d e r i v e  from o u r  u n c e r t a i n t i e s  a b o u t  t h e  s t r u c t u r e  
o f  c o a l s .  The work s h o u l d  come f u l l  c i r c l e .  I t  w i l l  s t a r t  w i t h  a 
s t u d y  of real  c o a l s  t o  i d e n t i f y  an i m p o r t a n t  r e a c t i o n .  T h i s  s t a g e  
s h o u l d  be t h o r o u g h  enough t o  p r o v i d e  c e r t a i n t y  a s  t o  t h e  i d e n t i t y  of 
t h a t  r e a c t i o n .  Then t h e  l a b o r a t o r y  o r  t h e  l i b r a r y  i s  used  t o  g a i n  a 
m a s t e r y  of t h a t  p a r t i c u l a r  r e a c t i o n .  With a t h o r o u g h  u n d e r s t a n d i n g  
of t h e  r e a c t i o n  i n  hand ,  one t h e n  moves back t o  p r e d i c t i o n s  a b o u t  t h e  
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b e h a v i o r s  of c o a l s  by c o n s i d e r i n g  t h e  e f f e c t s  of t h e  c o a l  medium and 
s t r u c t u r e  on t h e  u n d e r s t o o d  r e a c t i o n ,  c o m p l e t i n g  t h e  c i r c l e .  

I w i l l  c o n s i d e r  b r i e f l y  o u r  s t a t e  o f  knowledge i n  t h e  t h r e e  a r e a s  I 
r e g a r d  as c r u c i a l :  c o a l  s t r u c t u r e ,  c o a l  a s  a r e a c t i o n  e n v i r o n m e n t ,  
and o u r  knowledge of t h e  r e a c t i o n s  which a r e  a c t u a l l y  o c c u r r i n g  i n  
c o a l s .  My c o n c l u s i o n  i s  t h a t  o u r  knowledge i n  a l l  t h r e e  a r e a s  i s  
s u f f i c i e n t l y  u n c e r t a i n  t o  make e x t r a p o l a t i o n s  from r o u t i n e  
"model compound s t u d i e s "  t o  c o a l s  q u i t e  u n r e l i a b l e ,  and t h e  c i r c u l a r  
e x p e r i m e n t a l  pathway d e s c r i b e d  above i s  s t r o n g l y  recommended. 

Our knowledge o f  the f u n c t i o n a l  g r o u p s  which a r e  p r e s e n t  i n  c o a l s  h a s  
i n c r e a s e d  e n o r m o u s l y ,  b u t  i s  s t i l l  i n a d e q u a t e  i n  some major  a r e a s .  
C o n s i d e r  f i r s t  our knowledge  of t h e  c o m p o s i t i o n  o f  c o a l s .  F i n s e t h  
h a s  r e c e n t l y  d e m o n s t r a t e d  t h a t  s i g n i f i c a n t  e r r o r s  i n  t h e  hydrogen  
c o n t e n t  can-  d e r i v e  f rom i n c o m p l e t e  d r y i p g  of c o a l s  u n d e r  c b n d i t i o n s  
c u r r e n t l y  i n  wide u s e  f o r  d r y i n g  c o a l s .  Oxygen c o n t e n t  i s  u s u a l l y  
done by d i f f e r e n c e .  a p r o c e d u r e  which c o n c e n t r a t e s  a l l  o f  t h e  e r r o r s  
h e r e .  A r e c e n t  p a p e r  compared many d i f f e r e n t  methods f o r  oxygen 
a n a l y s i s  and s h o w e d g t h a t  t h e y  g i v e  d i v e r g e n t  r e s u l t s  i n  a 
n o n - s y s t e m a t i c  way. T h e r e  remain s i g n i f i c a n t  problems i n  t h e  
r o u t i n e  d e t e r m i n a t i o n  o f  t h e  c o m p o s i t i o n  of c o a l s .  I t  would be  n i c e  
t o  have w e l l  c h e c k e d ,  v e r y  a c c u r a t e  c o m p o s i t i o n a l  d a t a  f o r  a l l  of t h e  
Argonne c o a l s  which e x p l i c i t l y  i n c l u d e  c o n s i d e r a t i o n  of  t h e  
a n a l y t i c a l  d i f f i c u l t i e s .  

The oxygen f u n c t i o n a l  g r o u p  d i s t r i b u t i o n  has  r e c e i v e d  much a t t e n t i o n .  
S t o c k  h a s  done a m a g n i f i c e n t  j o b  i n  d e t e r m j n i n g  t h e  oxygen f u n c t i o n a l  
group d i s t r i b u t i o n  of  I l l i n o i s  No. 6 c o a l .  T h i s  was a major  
r e s e a r c h  u n d e r t a k i n g ,  and I b e l i e v e  t h i s  i s  t h e  o n l y  c o a l  f o r  which a 
c o m p l e t e  and r e a s o n a b l y  d e t a i l e d  oxygen f u n c t i o n a l  g r o u p  d i s t r i b u t i o n  
h a s  been  p u b l i s h e d .  L i o t t a  has  p u b l i s h e d  some d e t a i l e d  i n f o r m a t i o n  
on oxygen f u n c t i o n a l  g r o u p  d i s t r i b u t i o n  i n  a Rawhide (Wyodak 
s u b b i t u m i n o u s )  c o a l ,  and t h e r e  a r e  a t t e m p t s  t o  c h a r a c t e  i e oxygen 
u s i n g  NYR s p e c t r o s c o p y  w i t h o u t  c h e m i c a l  d e r i v a t i z a t i o n .  "' T h i s  
l a t t e r  work p r o v i d e s  no i n f o r m a t i o n  a b o u t  s u b s t i t u t i o n  p a t t e r n s ,  
which a r e  i m p o r t a n t .  S t o c k  has  p r o v i d e d  some i n f o r m a t i o n  on t h e  
number of  a r o m a t i c  r i n g s  which h a v e  two oxygen f u n c t i o n a l i t i e s .  T h i s  
seems t o  be a l l  t h a t  i s  a v a i l a b l e .  T h i s  i s  an i m p o r t a n t  i s s u e  
b e c a u s e  of t h e  p o s s i b i l i t y  of  l a r g e  s u b s t i t u e n t  e f f e c t s .  I m p o r t a n t  
s i m p l e  q u e s t i o n s  r e m a i n  unanswered .  What i s  t h e  d i s t r i b u t i o n  of t h e  
p h e n o l i c  h y d r o x y l s  or e t h e r s  o v e r  t h e  d i f f e r e n t  p o l y n u c l e a r  a r o m a t i c  
s y s t e m s ?  A 9 - p h e n a n t h r y l  e t h e r  o f t e n  r e a c t s  v e r y  d i f E e r e n t l y  t h a n  
d o e s  a p h e n y l  e t h e r .  What i s  t h e  s i z e  d i s t r i b u t i o n  of  t h e  a l k y l  
c h a i n s  i n  a r a l k y l  e t h e r s ?  To f u l l y  u n d e r s t a n d  t h e  b e h a v i o r  of  a 
f u n c t i o n a l  g r o u p ,  t h e  r a n g e  of c o a l  s t r u c t u r e s  i n  which i t  o c c u r s  
must be known. NMR t e c h n i q u e s  t o  e x p l o r e  t h e  envi ronmgnt  of oxygen 
atoms u s i n g  c r o s s - p o l a r i z a t i o n  a r e  u n d e r  deve lopment .  

The i n t r o d u c t i o n  of  s o p h i s t i c a t e d  NMR t e c h n i q u e s  has  made p o s s i b l e  
t h e  d e t e r m i n a t i o n  of t h e  r a n g e  o f  PNA s t r u c t u r e s  i n , c o a l s 6  and t h i s  
h a s  been  done f o r  a l l  of  t h e  Argonne premium c o a l s .  B u t ,  i n  s p i t e  
of t h e  a d v a n c e s  i n  N M R ,  t h e r e  a r e  s t i l l  major  d i s a 8 r e e m e n t s  about: the  
r i n g  s i z e  d i s t r i b u t i o n s  of t h e  a r o m a t i c s  i n  c o a l s .  Our knowledge of 
a l i p h a t i c  s t r u c t u r e s  i s  n o t  a s  g r e a t .  In f a c t ,  o n l y  r e c e n t l y  have  
d e f i n i t i v e  s t r u c t u r a l  a s s i g n m e n t s  been made of  a m a j o r i t y  of  t h e  
a l i p h a t i c  c a r b o n s  i n  a s i n g l e  c o a l . '  
a t t e m p t s  t o  q u a n t i t a t i v e l y  e x p l o r e  t h e  number of a c i d i c  c a r b o n  s i t e s  

Only r e c e n t l y  have  t h e r e  been 
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i n  coals. ' '  
p o p u l a t i o n  i n  s e v e r a l  c o a l s  of v a r y i n g  r a n k  i s  u n q u e s t i o n e d .  

C o a l s  a r e  h o r r e n d o u s l y  complex r e a c t i o n  envi ronments .  As mined,  t h e y  
a r e  g l a s s y l y a c r o m o l e c u l a r  sys tems c o n t a i n i n g  a complex p o r e  
s t r u c t u r e .  M o l e c u l a r  d i f f u s i o n  t h r o u g h  g l a s s y  m a t e r i a l s  i s  v e r y  
s low and many o r g a n i c  r e a c t i o n s  o f  c o a l 6  f q r r i e d  o u t  a t  or n e a r  room 
t e m p e r a t u r e  a r e  mass t r a n s p o r t  l i m i t e d .  ' C o a l s  imbibe  many 
s o l v e n t s  and s w e l l  i n  t h e  p r o c e s s .  With s t r o n g l y  s w e l l i n g  s o l v e n t s  
s u c h  a s  p y r i d i n e ,  t h e  g l a s s - t o - r u b b e r  t r a n s i t i o n  i s  s u p p r e s s e d  
s i g n i f i S a n t l y  below room t e m p e r a t u r e  and t h e  c o a l s  a r e  i n  a r u b b e r y  
s t a t e .  D i f f u s i o n  r a t e s  i n  t h e  r u b b e r y  s t a t e  a r e  enhanced by 
s e v e r a l  o r d e r s  of magni tude  o v e r  t h o s e  i n  t h e  c o r r e s p o n d i n g  g l a s s .  
The r u b b e r y  c o a l  i s  s t i l l  a macromolecular  sys tem which does n o t  
d i s s o l v e ,  so t h e  k i n d  of i n t i m a t e  mixing f a m i l i a r  i n  s o l u t i o n  
r e a c t i o n s  d o e s  not o c c u r .  The r e a g e n t  must g a i n  a c c e s s  t o  t h e  
r e a c t i o n  s i t e  by d i f f u s i n g  t h r o u g h  a r u b b e r y  s o l i d .  T h e r e  w i l l  
u s u a l l y  be s i g n i f i c a n t  mass t r a n s f e r  c o n s t r a i n t s  on r e a c t i o n s  of  
c o a l s  which i n v o l v e  r e a g e n t s  e v e n  i f  t h e  c o a l s  a r e  r u b b e r y .  

Even i n  r e a c t i o n s  which do n o t  i n v o l v e  an o u t s i d e  r e a g e n t  b u t  which 
a r e  i n i t i a t e d  w i t h i n  t h e  c o a l ,  mass t r a n s p o r t  p l a y s  a r o l e .  I f  
t h e r m a l  bond h o m o l y s i s  o c c u r s  i n  a c o a l ,  the p a i r  oE r a d i c a l s  
p r o d u c e d  may be c o n s t r a i n e d  t o  s t a y  n e a r  e a c h  o t h e r  by l a r g e  c a g e  
e f f e c t s .  I f  t h e  c o a l  i s  s t i l l  g l a s s y ,  t h e y  w i l l  no t  be a b l e  t o  
s e p a r a t e  r a p i d l y  b e c a u s e  o f  t h e  a b s e n c e  of l a r g e  s c a l e  m o l e c u l a r  
m o t i o n .  I f  t h e  c o a l  i s  r u b b e r y ,  c a g e  e E f e c t s  w i l l  be  much l e s s ,  b u t  
t h e  u l t i m a t e  t r a n s l a t i o n a l  f reedom of t h e  r a d i c a l s  w i l l  be l i m i t e d  by 
t h e i r  p o s i t i o n  i n  t h e  c o a l  macromolecular  s t r u c t u r e .  They may n o t  be 
a b l e  t o  d i f f u s e  t o  t h e i r  most t h e r m o d y n a m i c a l l y  or k i n e t i c a l l y  
f a v o r a b l e  r e a c t i o n  p a r t n e r ,  b u t  may be f o r c e d  by t h e  c o n s t r a i n t s  of  
t h e  macromolecular  sys tem t o  r e a c t  w i t h  a n e a r b y  group.  To 
u n d e r s t a n d  r e a c t i o n s  i n  c o a l s ,  t h e  envi ronment  o f  t h e  i n t e r m e d i a t e s  
must b e  known, a t  l e a s t  on a s t a t i s t i c a l  b a s i s .  No i n f o r m a t i o n  of 
t h i s  sor t  h a s  been p u b l i s h e d .  The v e r y  i m p o r t a n t  work of  Poutsma,  
Buchanan and co-workers  h a s  d e m o n s t r a t e d  a n o t h e r  pathway f o r  r a d i c a l  
d i f f u s i o n .  They have  r e c e n t l y  shown t h a t  r a d i c a l s  can  m i g r a t e  a c r o s s  
a p l a n e  of m o l e c u l e s  bonded t o  f 4 s i l i c a  s u r f a c e  by s e q u e n t i a l  
hydrogen  a b s t r a c t i o n  r e a c t i o n s .  T h i s  i s  a c r u c i a l  o b s e r v a t i o n  
s i n c e  i t  p r o v i d e s  a mechanism f o r  t h e  r a p i d  d i f f u s i o n  of a r e a c t i v e  
c e n t e r  t h r o u g h  t h e  c o a l  and j u s t i f i e s  i g n o r i n g  d i f f u s i o n a l  
l i m i t a t i o n s  f o r  a r a n g e  of r a d i c a l  r e a c t i o n s .  Some mechanism oE t h i s  
s o r t  must be  i n v o l v e d  i n  t h e  a r t i f i c i a l  c o a l i f i c a t i o n  e x p e r i m e n t s  o f  
Winans e t  a l .  which a r e  c a t a l y z e d  by c l a y s ,  y e t  which o c c u r  
t h r o u g h o y 5  t h e  mass o f  t h e  sample ,  n o t  j u s t  a d j a c e n t  t o  t h e  c l a y  
s u r f a c e .  Whether t h e  i n t e r m e d i a t e s  i n v o l v e d  a r e  r a d i c a l s  or i o n s  
h a s  n o t  been e s t a b l i s h e d .  

One o t h e r  a s p e c t  of  t h e  macromolecular  n a t u r e  of c o a l  has  i m p o r t a n t 6  
e f f e c t s  on r e a c t i v i t y .  I t  i s  t h a t  c o a l s  a r e  s e l e c t i v e  a b s o r b e n t s .  
While  e x t e n s i v e  work h a s  been done t o  model c o a l  r e a c t i v i t y  
c o n t a i n i n g  good hydrogen  d o n o r s  l i k e  t e t r a l i n ,  t h e  c o m p o s i t i o n  of t h e  
r e a c t i n g  c o a l  i n  any d i r e c t  l i q u e f a c t i o n  p r o c e s s  has  n e v e r  been  
d e f i n e d .  The c o a l  w i l l  h a v e  b e e n  s w o l l e n  by components f rom t h e  
r e c y c l e  s o l v e n t .  It h a s  been documented e x t e n s i v e l y  t h a t  c o a l s  a r e  
s e l e c t i v e  a b s o r b e n t s l g n f g t h a t  t h e y  do not h a v e  a l a r g e  a f f i n i t y  f o r  
a l i p h a t i c  m a t e r i a l s .  The r e a c t i n g  c o a l  sys tem w i l l  c o n s i s t  o f  
c o a l  and an unknown m i x t u r e  oE components  s e l e c t i v e l y  e x t r a c t e d  f rom 

T h e r e  a r e  few,  i f  a n y ,  f u n c t i o n a l  groups  whose 
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t h e  r e c y c l e  o i l ,  p r o b a b l y  i n  a b o u t  e q u a l  amounts .  Modeling c o a l  
c o n v e r s i o n  p r o c e s s e s  u s i n g  model compounds w i l l  be  a f a t u o u s  a c t i v i t y  
u n t i l  t h e  r e a c t i n g  s y s t e m  h a s  been  a d e q u a t e l y  d e f i n e d .  The same 
c o n s t r a i n t s  d o  n o t  a p p l y  t o  p y r o l y s i s  r e a c t i o n s ,  b u t  t h e r e  cage  
e f f e c t s  and o t h e r  mass t r a n s p o r t  i s s u e s  become complex and d i f f i c u l t  
t o  h a n d l e .  

The l a s t  i s s u e  t o  be  d i s c u s s e d  i s  t h e  n a t u r e  of  t h e  r e a c t i o n s  which 
a r e  o c c u r r i n g  i n  c o a l s .  T h e r e  i s  g e n e r a l  agreement  t h a t  r a d i c a l  
r e a c t i o n s  a r e  i n v o l v e d  i n  c o a l  c o n v e r s i o n .  An e a r l y  s i m p l i s t i c  
mechanism t h a t  t h e  r e a c t i o n  p r o c e e d e d  t o t a l l y  by bond h o m o l y s i s  
f o l l o w e d  by " c a p p i n g "  of  t h e  r a d i c a l s  by hydrogen  donors  h a s  l a r g e l y  
been r e p l a c e d  by t h e  r e a l i z a t i o n  t h a t  a v a r i e t y  of  c h a i n  p r o c e s s p g , 2 0  
a r e  o c c u r r i n g  i n  a d d i t i o n  t o  t h e  s i m p l e  h o m o l y t i c  bond c l e a v a g e .  
The e x t e n t  and role o f  t h e s e  c h a i n  r e a c t i o n s  i s  s t i l l  an o b j e c t  of  
much d i s c u s s i o n .  The f a m i l y  of  r a d i c a l  r e a c t i o n s  which a r e  o c c u r r i n g  
s t i l l  h a s  n o t  been comp3f te ly  e l u c i d a t e d .  The u s e  of p r o b e  m o l e c u l e s  
s h o u l d  be a major  h e l p .  

R a d i c a l  r e a c t i o n s  may n o t  be  t h e  o n l y  o n e s  o c c u r r i n g .  Brower h a s  
p u b l i s h e d  i m p r e s s i v e  e v i d e n c e  b a s e d  on volumes of a c t i v a t i o n  and 
i s o t o p e  e f f e c t s  t h a t  i o n i c  and/or  e t F c t r o c y c l i c  p r o c e s s e s  must be 
o c c u r r i n g  d u r i n g  c o a l  l i q u e f a c t i o n .  I have y e t  t o  s e e  a c o n v i n c i n g  
e x p l a n a t i o n  f o r  or r a t i o n a l i z a t i o n  of B r o w e r ' s  d a t a .  Ross h a s  
r e c e n t l y  become c o n c e r n e d  w i t h 2 4 0 n i c  r e a c t i o n s  o c c u r r i n g  a t  t h e  
c o a l - m i n e r a l  m a t t e r  i n t e r f a c e .  Much c h e m i s t r y  i s  p o s s i b l e  h e r e  a s  
d e m o n s t r a t e d  by t h e  Winans '  c o a l i f i c a t i o n  e x p e r i m e n t .  I t s  r o l e  i n  
c o a l  c o n v e r s i o n ,  i f  a n y ,  h a s  n o t  y e t  been e l u c i d a t e d .  F i n a l l y ,  t h e r e  
i s  t h e  whole q u e s t i o n  of  r a d i c a l  a n i o n  and r a d i c a l  c a t i o n  c h e m i s t r y .  

I n  summary, t h e r e  i s  abundant  e v i d e n c e  f o r  t h e  e x i s t e n c e  of a v a r i e t y  
of  r a d i c a l  p r o c e s s e s  o c c u r r i n g  d u r i n g  c o a l  c o n v e r s i o n .  The s n a r l  of  
compet ing  and  p a r a l l e l  r e a c t i o n s  h a s  n o t  y e t  been u n r a v e l e d .  T h e r e  
e x i s t s  e v i d e n c e  t h a t  t h e  p r i n c i p l e  pathways may not  be s o l e l y  r a d i c a l  
r e a c t i o n s ,  and t h i s  e v i d e n c e  h a s  been l a r g e l y  i g n o r e d .  I t  seems c l e a r  
t h a t  o n e  must  d e a l  w i t h  complex r a d i c a l  c h e m i s t r y  when c o n s i d e r i n g  
c o a l  c o n v e r s i o n  and c o a l  p y r o l y s i s .  Whether r a d i c a l  r e a c t i o n s  a r e  
t h e  o n l y  pa thways  which  must be c o n s i d e r e d  i s  n o t  y e t  c l e a r .  

Coal  i s  p e r h a p s  t h e  most complex o r g a n i c  m a t e r i a l  whose s t r u c t u r e  and 
r e a c t i v i t y  h a s  been s y s t e m a t i c a l l y  s t u d i e d .  I t  i s  a l a r g e l y  
i n s o l u b l e ,  b l a c k ,  amorphous ,  inhomogeneous sys tem c o n t a i n i n g  a wide 
v a r i e t y  of  s t r u c t u r a l  g r o u p s  and a r e s p e c t a b l e  p o p u l a t i o n  o f  f r e e  
r a d i c a l s ,  and i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  p r o g r e s s  h a s  been slow 
and d i f f i c u l t .  I b e l i e v e  t h a t  a c h i e v i n g  t h e  most r a p i d  p r o g r e s s  
p o s s i b l e  r e q u i r e s  e x p l i c i t  r e c o g n i t i o n  and a c c e p t a n c e  of  t h e  enormous 
c o m p l e x i t y  of t h e  m a t e r i a l .  T h e r e  have been many model compound 
s t u d i e s  p u b l i s h e d  i n  which many of  t h e  s t r u c t u r a l  c o m p l e x i t i e s  a r e  
i g n o r e d .  The u s e  o f  s i m p l i f i e d  models and p r o c e d u r e s  imposes  t h e  
d u t y  t o  i d e n t i f y  t h e  s i m p l i f y i n g  a s s u m p t i o n s  and t h e i r  p o t e n t i a l  
i m p a c t  on any c o n c l u s i o n s  r e a c h e d .  
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A SEARCH FOR M E  RADICAL HYDROGEN TRANSFER PATWAY IN  COAL HYDROLIQUEFACTION.* 

Tom Autrey and James A. Franz 
P a c i f i c  Northwest Laboratory** 

INTRODUCTIOn 

I t  i s  genera l l y  accepted tha t  t he  formation o f  petroleum l i q u i d s  produced i n  

Model compound studies 
the  thermal l i q u e f a c t i o n  o f  coal can not be completely explained by simple 
homolytic cleavage o f  strong l inkages i n  coal structures.  
have been employed t o  e luc ida te  the mechanisms o f  sc iss ion  o f  strong bonds i n  coal 
s t ruc tu res  and have provided useful  informat ion f o r  inc reas ing  the  e f f i c i e n c y  o f  
t he  coal l i que fac t i on  processes (1). 

solvent-der ived cyclohexadienyl subst i tuted rad i ca l  t o  the  ipso  p o s i t i o n  o f  an 
, a ry l -a l ky l  l i nkage,  has been proposed as an important pathway for t he  cleavage o f  

s t rong bonds i n  coa l  s t ruc tu res  dur ing coal l i que fac t i on  (2-4). Elegant numerical 
modeling s tud ies  o f  the  sc iss ion  o f  diarylmethane model compounds i s  t he  presence 
o f  a var ie ty  o f  solvent molecules demonstrated t h a t  an a l t e r n a t i v e  mechanism f o r  
t he  scission o f  t he  strong bonds i n  these model compounds may be opera t ive  t h a t  
invo lves  cyclohexadienyl-derived solvent molecules ra the r  than f ree  hydrogen 
atoms. These s tud ies  pred ic ted  an ac t i va t i on  b a r r i e r  o f  18 t o  22 kcal/mol f o r  an 
endothermic t r a n s f e r  o f  a hydrogen atom from a cyclohexadienyl solvent molecule t o  
the  ipso pos i t i on  o f  a diarylmethane model compound (5-7). 
s tud ies  have been u t i l i z e d  t o  p red ic t  the  e f f i c i enc ies  o f  hydrogen donor solvents 
i n  the  l i que fac t i on  o f  coal samples (8,9). The evidence, however, does no t  
preclude other mechanisms invo lv ing  the cyclohexadienyl so lvent  molecules. Other 
poss ib le  mechanisms inc lude an add i t ion- t rans fer -e l im ina t ion  reac t ion  (10) or  
other,  more t r a d i t i o n a l  rad ica l  mechanisms tha t  do no t  requ i re  an exo t i c  reac t ion  
pathway invo lv ing  a hydrogen atom c a r r i e r  donating a hydrogen atom t o  a c losed 
s h e l l  species. 

EXPERIMENTAL 

by the  fo l low ing  reac t i on  sequence. m-bromobenzaldehyde was added t o  an e ther  
so lu t i on  o f  benzyl gr ignard a t  room temperature t o  y i e l d  the  expected alcohol. 
The alcohol was converted t o  the  ch lo r ide  (SOClg) and reduced w i th  LiAlH4 t o  g ive  
nt-bromobibenzyl . 
Fol lowing ac id i c  work-up e s t e r i f i c a t i o n  i n  methanol gave the  methyl ester. B i r ch  
reduct ion o f  t he  e s t e r  y ie lded our model compound, 2. 

i n te rna l  standard f o r  GC product analysis were prepared i n  quartz tubes. The 

Radical Hydrogen Transfer (RHT), the  t rans fe r  o f  a hydrogen atom from a 

Furthermore, these 

The model compound, 3,6-di hydro-3-methoxycarbonyl b i  benzyl, 2, was prepared 

A gr ignard reagent from m-bromobibenzyl was quenched w i th  CO2. 

Oodecane so lu t i ons  o f  the  ester,  2, (10E-3 M t o  10E-4 M) containing an 

* This work was supported by the  O f f i ce  o f  Basic Energy Sciences, U. S. 
Department o f  Energy. 
Paci f ic  Northwest Laboratory i s  operated f o r  t he  U. S. Department o f  Energy 
by B a t t e l l e  Memorial I n s t i t u t e  under contract  DE-AC06-76RLO 1830. 

** 
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samples were degassed, using three freeze-thaw cycles, and sealed under vacuum. 
The sealed tubes were irradiated with a high-pressure, 1000-H Hg lamp through the 
quartz window of a hot air bath, and the temperature was monitored using a 
thermocouple. 
decomposition of the starting material. Control experiments showed that the ester 
was thermally stable under the reaction conditions. 
HP 5890A GC using on-column injection techniques and were identified by the 
retention times and GC/mass spectra of authentic compounds. 

RESULTS AN0 DISCUSSION 

that would provide an unambiguous answer to our question, "What role does Radical 
Hydrogen Transfer play in the cleavage of strong bonds in coal liquefaction?" 
chose a model compound that would provide us with a cyclohexadienyl radical 
hydrogen donor and an alkyl-phenyl hydrogen acceptor within the same molecule. 
anticipated several advantages to this approach in the preparation of our model 
compound 3,6-di hydro-3-methoxycarbonyl bibenzyl , 2: 

Photolysis times ranged from 10 to 15 minutes to yield about 30% 

Products were analyzed on a 

Our approach to this problem was to design and prepare a new model compound 

We 

We 

The cyclohexadienyl transferring agent could conveniently be prepared from 
a Norrish Type I photo-cleavage of the methyl ester, 1, at any desirable 
temperature and at very low rates of initiation favoring unimolecular RHT 
or scission reactions over bimolecular termination; 

A thermal-neutral hydrogen transfer from a cyclohexadienyl to a phenyl 
aromatic would provide a lower activation barrier than the endothermic 
barrier from the numerical modeling studies; 

An intramolecular hydrogen transfer would increase the Arrhenius factor 
(log A )  from 8.5 (bimolecular RHT) to 10 to 11 (intramolecular RHT) thereby 
suppressing competing side reactions; 

Intramolecular RHT of 1 would proceed through a transition structure of 
nearly optimal regio- and stereo-chemical orientation, a 1,5 hydrogen 
migration (11) to yield benzene and phenylethyl radical products as shown 
in Scheme I; 

Scheme 1 

2 

3 
\ 

/ 

1 
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5) A competing /%scission reac t ion  o f  t he  cyclohexadienyl  r a d i c a l  1 t o  y i e l d  
benzyl  r a d i c a l  and methylenecyclohexadiene (MCH) products would p rov ide  an 
i n t e r n a l  "c lock"  t o  quan t i f y  t he  ac t i va t i on  b a r r i e r  f o r  RHT i n  t h i s  model 
system as shown i n  Scheme 11; 

Scheme I1 

H.0 + 
beta 

scission 

- 

addition 

PhCH,. MCH 

I r r a d i a t i o n  o f  a dodecane so lu t i on  conta in ing  t h e  methyl es te r ,  2, (2.4xlOE-4 
M) heated t o  250 "C i n  a quar tz  reac to r  vessel l e d  t o  the  decomposition o f  t h e  
model compound and the  appearance o f  two cleavage products,  to luene (8%) and 
bibenzyl  (24%), y i e l d s  are based on conversion o f  s t a r t i n g  mater ia l .  
experiments showed t h a t  t he  methyl e s t e r  was thermal ly  s tab le  under the  reac t i on  
c'onditions. Benzene, the  RHT product, was no t  detected. 

reac t ion  cond i t ions  gave the  same products, to luene (3%) and b ibenzy l  (18%) b u t  no 
benzene. 
concentrat ions o f  benzyl  r a d i c a l  lead t o  an increased r a t e  o f  te rmina t ion .  

These r e s u l t s  requ i re  t h a t  RHT f rom the  cyclohexadienyl  rad i ca l  t o  t h e  
appended phenyl r i n g  n o t  com e te  w i t h  p -sc iss ion  o f  t h e  cyc lohexad ien j l  r a d i c a l  i n  
t h i s  model compound, Ea (RHTP > Ea (p-scission).  Although we d i d  n o t  observe RHT 
products i n  t h i s  model system, a lower l i m i t  f o r , t h e  a c t i v a t i o n  b a r r i e r  o f  a RHT 
pathway f o r  t h i s  system can be determined. This lower l i m i t  can be obtained from 
a ca l cu la t i on  o f  a c t i v a t i o n  b a r r i e r  f o r  the  competing p-sc iss ion  reac t i on  (Scheme 
11) determined by Equation [l]. 

Control  

I r r a d i a t i o n  o f  a concentrated so lu t i on  o f  2 (1.6xlOE-3 H) under the  above 

The decrease i n  y i e l d  o f  to luene was expected because h igher  

Only one approximat ion i s  necessary i n  our ca l cu la t i on :  The b a r r i e r  f o r  
add i t i on  o f  benzyl  r a d i c a l  t o  methylenecyclohexadiene (MCH), which i s  the  reverse 
reac t i on  o f  p -sc iss ion .  The add i t ion  o f  benzyl r a d i c a l  t o  s ty rene was determined 
t o  have a b a r r i e r  o f  7 kcal/mol (12). We assume t h a t  t he  b a r r i e r  f o r  the  more 
exothermic reac t i on ,  a d d i t i o n  o f  benzyl rad ica l  t o  MCH, w i l l  be no l ess  than 4 
k c a l h o l .  The thermochemical data f o r  the  products o f  t he  p-sc iss ion  reac t i on  
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were determined previously. 
(13), and 35 kcal/mol as the AHf' of MCH (14) and we calculated the AHf" of 
radical 1 to be 60.6 kcal/mol (15). The solution to Equation [l] yields a barrier 
o f  28t3 kcal/mol for @-scission of cyclohexadienyl radical 1 to yield MCH and 
benzyT radical, just slightly lower than the barrier we calculate for scission of 
hydrogen atom from a cyclohexadienyl radical (Ea = 30 kcal/mol). 

It is important ,to note that this novel @-scission reaction can be responsible 
for the cleavage of "strong bonds" in coal sructures at relatively low 
temperatures if the appropriate hydrogen atom donors are available. Our new 
finding suggests that addition of hydrogen atoms to non-ipso ring positions should 
promote bond cleavage by this @-scission pathway as shown in Scheme 111. 

We used 48 kcal/mol as the AHf" of benzyl radical 

In this 

Scheme 111 

work p-scission just barely competes with loss of hydrogen (Ea = 30 kcal/mol). 
However, with the addition o f  hydrogen atoms to larger ring systems the @-scission 
reaction becomes more important because the barrier for hydrogen loss increases 
with increasing ring size. When the alkyl linkages are longer than two carbon 
units the barrier of scission increases, obviously the stability of the radicals 
produced is a driving force, but @-scission may still compete with loss of 
hydrogen in larger ring systems. 
prohibitively high, due to the formation of aryl radicals, and therefore would not 
have been observed in the numerical model studies. 

CONCLUSION 

compound allowed us to "isolate" the RHT process from any competing intermolecular 
cleavage reaction involving cyclohexadienyl solvent molecules. Our 61(2-phenyl- 
ethyl)-cyclohexa-1,3-dien-6-yl radicai is consumed by a p-scission pathway, with 
an activation barrier we calculate to be 28 kcalhol. 
observed i n  our model system. This requires the Ea for RHT to be > 28 kcal/mol, 
which is substantially higher than the value obtained by the numerical modeling 
studies (Ea 16 to 22 kcal/mol). 

role, perhaps a predominant role in the cleavage of strong bonds (7-10). !n the 
present work we have conveniently suppressed all side reactions from our 

The barrier for p-scission of diarylmethanes is 

Our examination of the RHT process yields an important result. Our model 

No RHT products are 

There i s  convincing evidence that donor solvent structures play an active 
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experiments i n  o rde r  t o  s e l e c t i v e l y  examine t h e  RHT con t r i bu t i on .  
t ha t  a RHT pathway does n o t  occur t o  some ex ten t  i n  t h e  l i q u e f a c t i o n  o f  coa l ,  we 
expect i t  t o  have a lower a c t i v a t i o n  b a r r i e r  than t h e  well-documented Molecular 
Assisted Homolysis (MAH) reac t i on  (17,18). However, unless s i g n i f i c a n t  t unne l i ng  
o f  the  hydrogen atom through the  h igh  b a r r i e r  (>28 k c a l h o l )  f o r  RHT occurs, a low 
a c t i v a t i o n  process respons ib le  f o r  t he  cleavage o f  s t rong bonds i n  coa l  s t ruc tu res  
must occur by an a l t e r n a t i v e  mechanism. The add i t i on - t rans fe r -e l im ina t i on  
mechanism (lo), a concer ted- t rans fer  w i th  e l i m i n a t i o n  pathway (19) ,  and a s imple 
add i t ion-abs t rac t ion-e l im ina t ion  reac t ion  pathway a re  p resen t l y  be ing  i nves t i ga ted  
by t h i s  group. 

We do no t  imply 
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INTRODUCTION 

Most discussions of coal structure describe the substance as constituted of 
aromatic, hydroaromatic and heterocyclic aromatic clusters joined by short aliphatic 
and ether linkages. Various functional groups including phenolic hydroxyl groups 
and carboxylic acid groups are also present. Because coals are solids with no 
recognizable repeating units and generally have limited solubility in all solvents, the 
enterprise of understanding their structures and relating this understanding to 
practical purposes, necessarily involves some chemical or physical structure 
disruption with potential loss of information. Most frequently this has involved 
thermolysis with hydrogen-donor species present. Recently there has been an 
increased interest in chemical processing which can be carried out under relatively 
mild conditions (1) which might be hoped to preserve more of the structural features 
of the initial material. 

Analysis of the materials produced by the processing of coal has tended to 
focus on carbon-carbon bond breaking. Ether linkages, although believed to be 
present, have not been considered in detail for their potential role in the thermal or 
chemical reactions of coal under relatively mild conditions. This is surprising in view 
of the fact that compounds which model the types of ether moieties which might be 
present in coals are known to undergo pyrolytic scission at temperatures comparable 
to those of coal liquefaction (2,3). Moreover, benzyl phenyl ether has been shown to 
promote hydrogen transfer between tetralin and diphenylmethane under thermolysis 
conditions (4) suggesting an indirect role for ether structural units in facilitating 
thermolytic liquefaction. A number of radical chain processes have been suggested 

'Present Address: Mobil Research and Development Corporation, Paulsboro 
Research Laboratory, Paulsboro, NJ 08066 
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as explanations for carbon-carbon bond breaking (5-7), and these would require an 
initiating radical such as an oxygen-center radical produced by ether scission. 

Most of the reported studies describing the thermolysis of coal model 
compounds, ethers in particular, have been performed at much higher temperatures 
than used in coal liquefaction processes. Obviously, conclusions derived from 
thermolysis at the higher temperatures cannot be applied directly toward 
understanding of coal dissolution and/or thermolysis processes. Therefore, we 
initiated studies on the chemistry of thermolysis of four arylmethyl aryl ethers which 
undergo thermolysis to a significant extent under relatively mild reaction conditions. 

EXPERIMENTAL 

Thermolysis experiments were performed in evacuated glass ampoules at 
reaction temperatures of 250°C to 350°C. In a typical thermolysis experiment, about 
50 to 150 mg of the material was sealed in an evacuated glass ampoule (0.5 cm x 
10 cm). The sealed ampoule was wrapped with steel wool and then insetted in a 
tubing bomb reactor of about 10-15 ml capacity. The reactor was then immersed in 
a heated sand bath for the desired reaction time. Typically, it required less than two 
minutes to reach the desired reaction'temperature. At the end of the experiment, the 
reactor was immersed in a cold sand bath. Once the reactor had come back to 
ambient temperature, the sealed tube was removed from the reactor and was cut 
open to recover its contents. For comparison purposes, some of the thermolysis 
experiments were also conducted by charging the microautoclave reactor directly 
with 50 to 150 mg of the material. The products were recovered from the glass 
ampoule or from the reactor using tetrahydrofuran (THF). The THF solutions 
containing the reaction products were analyzed by GC and GC-MS equipped with 
SUPERCAP "High Temperature", AI clad fused silica bonded methyl silicone column 
(15 m x 0.25 mm id, 0.1 pmm film). 

Four ethers, namely, a-naphthylmethyl phenyl ether (a-NMPhE), a- 
benzyl naphthyl ether (a-BNE), /I-naphthylmethyl phenyl ether (B-NMPhE) and p- 
benzyl naphthyl ether (B-BNE) were prepared by procedures reported in the 
literature (8,9). 

RESULTS AND DISCUSSION 

The results of thermolysis of four ethers (a-NMPhE, a-BNE, p-NMPhE, prBNE) 
conducted at mild temperatures of 225°C to 350°C with a 30 minute reaction time 
are given in Table 1 and Figures I and II. Results repotted here were calculated 
based upon the amount of ether left unreacted or decomposed. In order to provide 

,insurance that no appreciable amount of non-volatile product was present, a known 
amount of triphenylene was added, as an internal standard, during the work up 
procedure. 
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As shown by the data in Table 1 and Figures I and II, all the four ethers 
underwent thermolysis to a significant extent of more than 80% at 325°C or below 

The major products in each case were ArOH, Ar'CH,, and isomers of the 
starting ethers which almost certainly have the structures: Ar'CH,ArOH. Relatively 
minor amounts of Ar'Ch,CH,CH,Ar', Ar'CH=CHAr', Ar'CHfir. and a 
"dehydrocompound" (parent ion = 232) were also observed. Higher molecular 
weight materials were found in trace amounts. Isomer yields in sealed tube runs 
were 30 to 40%, ArOH yields were 20 to 30% and Ar'CH, yields were 10 to 30% of 
GC-observable products. 

Formation of observed products could be understood with the help of a 
typical reaction scheme given below: 

THERMOLYSIS OF ALPHA-NAPHTHYL BENZYL ETHER 

t 
0' 6 0 

OH 

The relative rates of thermolysis of the four ethers were calculated using the 
experimental data and were found to be: 

a-BNE >> j3-BNE > a-NMPhE 5 fi-NMPhE 
4 2 : 2 : 2 : 1  

1 
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Temp. oc Rate Constant in s1 x IO4 Based on Ether Remaining 

~-BNE a a-NMPhE 8-NMPhE 

325 _ _ _  17 17 9.4 
300 _ _ _  2.9 2.3 1.2 
285 4.1 0.62 -__ 0.17 
275 7.1 0.34 0.3 -_- 
365 2.6 0.1 _ _ _  _-_ 

The main conclusion is that the ethers all undergo thermolysis at relatively 
mild temperatures, presumably by homolysis of the CH,-0 bond followed by 
recombination of the resultant radicals to give substituted phenols or naphthols or 
they abstract hydrogen to give ArOH and Ar'CH,. 

An explanation of the relative rates can be found in the relative stabilities of 
the various radical pairs. Apparently, a-NpCH,. and p-NpCH,. differ only slightly in 
stability whereas a-NpO. is appreciably more stable than p-NpO.. This can be 
rationalized by assuming that resonance delocalization into the naphthalene ring is 
much more important in stabilizing NpO. than NpCH,.. This makes sense because 
of the instability of oxygen radicals and the strengthening of the C-0  bond which 
results from increasing its C=O character. This analysis also explains why a- 
NpOCH,Ph cleaves so much faster than p-NpOCH,Ph as the a-naphthoxyl radical 
has a contribution of an extra resonance structure: 

reduced 
aromaticity 

That a-NpOCH,Ph and B-NpOCH,Ph should cleave at similar rates is not obvious but 
the increased stability of a-NpCH,. relative to PhCH,. is accidentally equal to the 
advantage of p-NpO. over PhO.. 

A significant difference in product distribution in the thermolysis of a-NMPhE 
was observed when the reaction vessel was changed from a small glass ampoule 
(50-150 mg of ether in a 0.5 x 10 cm pyrex ampoule) to a stainless steel pipe 
reactor (0.5 - 1 g of ether in a 10-15 ml reactor). Relatively larger values of 
isomers/NpCh, + PhOH were observed in the glass vessel. In a previous 
thermolysis of this ether by Badr and El-Sherief (8) in a sealed glass tube (40 g of 
ether at 260°C for 7 days), they obtained about the same yield of isomers, but much 
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more NpCHCH,Np ( -  50%). The reasons for these different product distributions 
are unknown at the present time. 

SUMMARY 

Thermolysis of four ethers of general structure Ar'CH,OAr, namely, a- 
naphthylmethyl phenyl ether (a-NMPhE), a-benzylnaphthyl ether (a-BNE), p- 
naphthylmethyl phenyl ether (/I-NMPhE) and ,!?-benzyl naphthyl ether (B-BNE) at mild 
temperatures of 225°C to 350°C with a 30 minute reaction time was investigated. It 
was observed that all of the four ethers underwent significant thermolysis to the 
extent of more than 80% at 325°C or below. The major products in each case were 
ArOH, Ar'CH,, and isomers of the starting ethers. Relatively minor amounts of 
Ar'CH,CH,Ar', Ar'CH=CHAr', Ar'CH,Ar and an unknown compound (parent ion = 
232) were also observed. Higher molecular weight materials were found in trace 
amounts. The relative rates of thermolysis were: 

U-BNE >> P-BNE > a-NMPhE > p-NMPhE. 
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Figure 1. Temperature dependence of the extent of 
converslon of naphthyl methyl phenyl ether (a. 
0: B. 01. 

I, 

Temperature (OC) 

Figure 2. Temperature dependence of the extent of 
converslon of benzyl naphthyl ether (e, 0:  p, m). 

Temperature ( O C )  
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1NTRODUCTION 
a,u-Diphenylalkanes have been commonly used as chemical models of the scissile aliphatic 

linkages between aromatic moieties in coal (e&. Vernon. 1980; Pouuma and Dyer. 1982; Gilbert and 
Gajewski. 1982; Sweeting and Wilshire, 1962; Miller and Stein, 1981). In coal, of course, the terminal 
aromatic moieties are generally neither single ringed nor identical, thus unsymmeuical polycyclic a,o- 
dLarylalkanes might beaer mimic these moieties. Studies of these apparently relevant model compounds are 
few, however. The most probable reason for this gap in the literature stems from the reasoning that the 
reaction pathways, kinetics, and mechanisms of polycyclic cgo-dilalkanes can be exuapolated from those 
of single ring a,o-diphenylalkanes. Indeed, the limited previous studies (e.g., Vernon, 1980. Sam. 1979; 
Javanmardian et al.. 1988; Depp et al. 1956) with polycyclic a,o-diarylalkanes suggest that this premise is 
reasonable. For example, Javanmardian et al. (1988) reported that the pyrolysis pathway for 2-(3- 
phenylpropyl)-naphthalene (PPN) led to toluene plus 2-vinylnaphthalene and 2-methylnaphthalene plus 
styrene; products analogous to those formed during 13-diphenylpropane pyrolysis. They further observed 
approximately equal molar yields of I-methylnaphthalene and toluene from PPN pyrolysis suggesting that 
the presence of the naphthyl moiety in a 1.3-diarylalkane had little effect on the selectivity. 11 did, however, 
increase the rate of pyrolysis in comparison to that observed for 1.3-diphenylpropane. 

In the present work, we further probe the pyrolysis pathways and kinetics of polycyclic a,* 
diarylalkanes. In particular, we present results of pyrolysis studies of  two a,o-diarylpropanes: 2-(3- 
phenylpropyl)-naphthalene (PPN) and 1.3-bis-(l-pyrene)propane (BPP). This work was motivated by our 
recent findings that the pyrolysis pathways for n-alkyl-substituted pyrenes are markedly different than the 
pathways for n-alkyl-substituted benzenes (Savage et al.. 1989; Smith and Savage, 1989). The key 
differences were the presence of apparent autocatalytic kinetics and the cleavage of the strong aryl-alkyl C- 
C bond as the pathway to the major products. 

EXPERIMENTAL 
The pyrolysis of PPN (API Standard Reference Materials) and BPP (Molecular Probes) both neat 

and in benzene were conducted in constant-volume, 316 stainless steel batch reactors. These reactors were 
made from one 114 in. Swagelok port connector and two 114 in. Swagelok end caps and had a volume of 
0.59 k .05 ml. For the PPN neat pyrolyses, the batch reactors were loaded with approximately 40 mg 
of a previously prepared stock solution of PPN and biphenyl (an internal standard). and for BPP neat 
pyrolyses the batch reactors were loaded with an average of 2.3 mg of BPP and 9.3 mg of biphenyl. For the 
pyrolyses in benzene. the baxh reactors were loaded with approximately 350 mg of a previously prepared 
stock solution comprising the model compound, biphenyl, and benzene as the inen diluenr AU quantities 
were carefully weighed with an analytical balance. For the pyrolyses in benzene, the reactant concentration 
was calculated a~ he number of moles of reacmt added to the reactor divided by the reactor volume. After 
k i n g  purged with argon. the reactors were placed in an isothermal fluidized sand bath at the desired 
temperature (e.g.. 400°C). Upon reaching the desired holding time, the reactors were removed from the sand 
bath and rapidly cooled in an ambient temperature water bath. The reactors were opened, and products were 
recovend by benzene exnacrion for BPP and a t o n e  exnaction for PPN. Roducls were identified using GC 
(HF’ 5890) and GC-MS (HP 5890 Series I1 . HP 5970 MSD) and quantified by GC using biphenyl as an 
internal standard. GC response factors for the reaction producu were experimentally determined from 
standard solutions that contained the reaction products and biphenyl in varying amounts. Plotting the ratio 
of the mass of a particular compound to the mass of biphenyl in the solution as a function of the ratio of 
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their integrated GC areas resulted in a snaight line and gave the response factor as the slope. The average 
error for these response facton was 3% (Noggle. 1985). 

PPN PYROLYSIS 

Experimental Resul ts  
Table 1 displays the molar yields of the major products from the neat pyrolysis of PPN at 365 

and 4WC and the pyrolysis of PPN in benzene at 375.400, and 450 "C. The principal producu at low 
PPN conversions were toluene. 2-vinylnaphthalene, 2-methylnaphthalene and styrene. but at high PPN 
conversions, 2-ethylnaphthalene and ethylbenzene were also present in high yields. The presence of these 
producu and their temporal variitions are consistent with the mction pathway previously determined by 
Javanmardian et al. (1988). There is. however, a discrepancy with the previous work. Our present work 
showed that the yields of toluene were higha than the yields of 2methylnaphthalene. whereas, in the 
earlier work the yields of toluene and 2-methylnaphthalene were essentially equal. We suspect that the 
reason for this discrepancy stems from our taking a more careful approach in determining GC response 
factors for the observed reaction products. Javanmardian et al. (1988) used a single point calibration for the 
response factors whereas the present analysis used linear regression of at least five points. 

The minor products from PPN pyrolysis included 1.3-diphenylpropane and 2-iso- 
propylnaphthalene. which were previously observed by Javanmardian et al. (1988). and naphthalene. The 
neat pyrolysis also led to the production of acetone-insoluble char. m e  amounts of this dark solid material 
increased with temperame and batch holding lime. We expect that the formation of this char satisfies the 
global material balance. 

Javanmardian et al. (1988) found that the neat pyrolysis of PPN correlated well with pseudo-rust 
order kinetics. Thus. we calculated pseudo-first-order rate constants from OUT data and ploued them along 
with tho'se of Javanmardian et al. (1988) on the Arrhenius plot given as Figure 1. Clearly, the present 
kinetics results for PPN neat pyrolysis are consistent with the previous work. The Arrhenius parameters 
determined by Figure 1 are loglo A=9.6 see-' and E*=38.5 kcal mol-' for the neat pyrolysis and loglo 

A=7.7 sec-l and E*=35.2 k d  mol-' for the pyrolyses in benzene. 

Reaction Mechanism 
Our results from PPN pyrolysis and previous pyrolyses of its single ring analogue (Pouuma and 

Dyer, 1982: Gilbert and Gajewski, 1982) led us to p r o p e  the free-radical reaction mechanism in Figure 2 
to describe PPN pyrolysis. The 18 step mechanism comprises initiation. propagation, and termination 
steps. Initiation entails the unimolecular dissociation of the weak C-C bonds in the reactant, and we 
included two possible initiation steps for PPN. The rust route corresponds to the formation of  benzyl and 
2-ethylnaphthyl radicals (denoted p1 and PI' in Figure 2). and the second route leads to ethylbenzyl and 2- 
methylnaphthyl radicals (denoted p2 and p2' in Figure 2). Propagation occurs through abstraction of a 
hydrogens in PPN by p radicals and subsequent p-scission of the resulting radical, p. to form a stable 
product Q and regenerate a p radical. Termination of the chain reaction can occur through all possible 
radical recombination steps. 

Kinetics Development 
The steady state and long chain approximations can be used to derive an analytical rate expression 

for the mechanism of Figure 2. The rate of reaction for PPN (denoted as R in Figure 2) is given by 
Equation 1. 

Expressions for PI and p2 as functions of the rate constants and the reactant concentration can be obtained 
by writing the long chain rate expressions for P I .  p2. pl .  and the total radical population (R-). 
Equations 2-5 display these expressions. 
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!i 
Simultaneous solution of Equations 2-5 provides the required expressions for 
substituted into Equation 1 to derive Equation 6 as the rate law for PPN disappearance. 

and a;?. These can then be 

Defming the parameters c and €, as 

2 -  . 

[I+(?)] 
€ , =  

permis the rate law (Equation 6) io be wriuen in more compact form. 

Substituting this rate law into the conslant volume batch reactor design equation. writing the reactant 
conmaation as a function of conversion (Le.. R=R,(I-X)), integnting. and rearranging. resulls in a simple 
expression for the batch holding lime (I) as a function of conversion (X) and the initial PPN concentration 
0. 

The mechanism of Figure 2 also permiu derivation of an analytical expression for the product 
selectivity. The instantaneous selectiviiy (S) of PPN to toluene relative to 2-methynaphthalene is given as 
the ratio of the reaction rates. 
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Substituting the relationship between PI and p2 that results from the solution of Equations 2-5 
inm Equation 11 leads IO Equation I 2  for the instantaneous selectivity. 

Rate  Constant  Estimation 
Employing Equations IO and 12 to model the kinetics and selectivity of PPN pyrolysis requires 

values for each of the rate constants in the reaction mechanism shown in Figure 2. In the following 
paragraphs we describe OUT rate constant estimation procedures. Note that the values we used for the rate 
constants were semiquantitative. More accurate estimates could be made using thermochemical hnetics. 

Rate constants for initiation via homolytic dissociation of C-C bonds typically have pre- 
exponential factors in the range of s-' (Benson. 1976). Thus, we selected a value of A= 1016s.1 
for both of the initiation rate constants al and %. We used 69 kcal mol-' as the activation energy for al 
(which pmduces a benzyl and 2-ethylnaphhyl radical). This value is in good accord with the calculated 
bond dissociation energy @DE) of 68.81 kcal mol-' for the identical bond in 1.3 diphenylpropane (King 
and Stock. 1984). The rate of initiation via step QL will be faster than via step u1 because the additional 
resonance stabilization energy associated with the naphthyl moiety reduces the BDE of the benzylic C-C 
bond. Thus, the activation energy for this step was taken to be E*=69 - ARSE. where ARSE is the 
difference in the resonance stabilization energies between a 2-methylnaphthyl radical and a benzyl radical. 
We used Sam's calculated value of 0.41 kcal mol-' for the ARSE. 

Hydrogen abstraction rate constants were estimated by first assuming that the pre-exponential 
factors for kll.  kI2. and kZ2 were all equal u) A= IO* I mol-' s-l and that the activation energy for 
kI2 was 14.2 kcal mol-'. These Arrhenius parameters for kI2 are identical to those estimated by Pouuma 
and Dyer (1982) for abstraction of a secondary benzylic hydrogen by a primary benzyl radical. The 
activation energy for k21 was also laken as 14.2 kcal mol-' because the reduction in rate for this step 
relative to klZ due to the increased stability of the abstracting radical (Le.. 2-methylnaphthyl vs. benzyl) 
should be roughly offset by the increase in rate due to the lower C-H bond strength of the p-position being 
attacked. Finally the activation energies for k l l  and %2 were estimated from the activation energies for 
k21 and L I Z  by assuming that half of the ARSE associated with the two different hydrogens being 
abstracted radicals would appear as the activation energy difference. This is essentially the same as 
employing the Evans-Polanyi relation with a=0.5, a value commonly used (Stein, 1985; Poutsma and 
Dyer, 1982) for hydrogen abstraction reactions. 

Pouuma and Dyer (1982) estimated the Arrhenius parameters for p-scission of an a-radical in 1.3- 
diphenylpmpane to be A= and E*= 28.3 kcal mol-'. For PPN pyrolysis, we expect kPl to be 
lower than the p-scission rate constant for 13-diphenylpmpane pyrolysis because the pl radical should be 
more stable than the corresponding 1.3-diphenylpmpane-derived radical. On the other hand, we expect kp2 
to be higher because the additional RSE due to the presence of the naphthyl moiety in PPN results in the 
p-scission of a weaker C-C bond. We quantified the foregoing qualitative arguments by taking s-' 
as the pre-exponential factor for the p-scission steps and using 28.2 kcal mol-' as the activation energy for 
kH1 and 28.4 kcal mol-' as E* for kHZ. 
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Termination rate c m t a n ~  for radical recombination generally have zero activation energy and pre- 
I I mol.' s-' (Benson. 1976). For our termination rate constant, 9, we exponential factors of A= 

used A= 

Modeling Results 
We used the semiquantitative rate constant estimates described above as parameters in Equations _. 

IO and 12 to calculate the kinetics and selectivity for PPN pyrolysis under the conditions at  which we had 
performed experiments. Figure 3 compares the calculated and experimentally determined temporal variation 
of the PPN molar yield for the pyrolyses in benzene. Clearly. the kinetics meted from the reaction 
model are in good agreement with the experimental data. Figure 4 provides the calculated and 
experimentally determined instanmeous selectivity of PPN to toluene relative to 2-methylnaphthalene. 
The data poinu were calculated as the mean values for all batch holding times at a given temperature. 
Once again, we find satisfactory ageanent between the results of the reaction model and the experimenu. 

and E*= 0.0 kcal mol-'. 

BPP PYROLYSIS 

Experimental Results 
Table 2 provides the molar yields of the major products from the pyrolysis of BPP neat at 3 6 5 T  

and in benzene at 4oO0CC. The major products from pyrolysis in benzene at  shon batch holding times (e&. 
IO min). were 1-methylpyrene and I-vinylpyrene. At long times, however. the yield of 1-vinylpyrene 
decreased while the yield of I-ethylpyrene increased. Additionally, pyrene became a major product at the 
longer holding times. Figure 5 ,  which presents the temporal variations of the product yields for BPP 
pyrolyses in benzene. displays these vends m m  clearly. 

The neat pyrolysis of BPP led to 1-methylpyrene. 1-ethylpyrene, and pyrene as principal products. 
No vinylpyrene was detected, but mce amounu of I-propylpyrene and I-allylpyrene were observed along 
with visible amounts of benzene-insoluble char. At a batch holding time of 90 minutes the respective molar 
yields for 1-methylpyrene, I-ethylpyrene. and pyrene were 62%. 40% and 23% respectively. 

Reaction Pathway 
The initial products formed from BPP pyrolysis were 1-methylpyrene and I-vinylpyrene. These 

are analogous to toluene and styrene, the primary products of 1.3-diphenylpropane pyrolysis. The 
coincidence of initial products indicates that the pathway for BPP pyrolysis at short times is identical to 
the pyrolysis pathway for its single ring analogue, 13diphenylpropane. At longer times and higher 
concentrations, however, the pyrolysis of BPP led to the formation of appreciable yields (2 30 %) of 
pyrene, Similarly high yields of benzene have never been observed from 1.3-diphenylpropane pyrolysis. 
The pathways responsible for pyrene formation can be inferred from the temporal variations of the product 
yields illustrated in Figure 5. 'Ihe molar yields of melhylpyrene and ethylpyrene both decreased at the 
longer holding times where the molar yield of pyrene increased. Thus, it appears that ethylpyrene and 
methylpyrene underwent secondary reactions that resulted in the loss of their alkyl substituents at the 
ammatic ring. Such a pathway is entirely consistent with our recent studies of 1-dodecylpyrene pyrolysis 
(Savage et al.. 1989; Smith and Savage 1989) where aryl-alkyl C-C bond cleavage was an important 
reaction pathway. The amount of pyrene formed, however, may be too high to be the sole result of 
secondary decomposition reactions of methyl- and ethylpyrene. This suggests that BPP itself may have 
undergone primary reaction to form pyrene. The precise mechanism for these pathways involving cleavage 
of SkOng aryl-alkyl C-C bonds is currently unknown, although the literature does provide some 
possibilities (e.g., Vernon, 1980; McMillen et al.. 1987). Indeed. our earlier work with 1-dodecylpyrene 
pyrolysis (Smith and Savage, 1989) suggesu that radical hydrogen transfer may be responsible for the 
cleavage of the strong aryl-alkyl C-C bonds during alkyl-pyrene pyrolysis. Figure 6 summarizes the 
foregoing discussion by displaying the postulated pyrolysis pathways for BPP. Note that the presence of 
pathways involving aryl-alkyl bond cleavage is a completely new feature of a.o-diarylpropane pyrolysis. 

CONCLUSIONS 

1. 'Ihe pyrolysis pathways for cgw-diarylalkanes and hence the corresponding moieties in coal have 
not been completely elucidated BPP. a polycyclic diarylalkanes, followed a pyrolysis pathway 
where strong aryl-alkyl C-C bonds were cleaved. This appearance of this new pathway clearly 

398 



indicates thac the complete pyrolytic behavior of cg~diar~lpropanes can not always be inferred 
fmm I.3-diphenylpropane. 

For the pyrolysis of PPN. aryl-alkyl cleavage was not a major pathway. The pathways and 
mechanisms for PFW pymlysis can be inferred fmm howledge of 13 diphenylpropane pyrolysis. 
Furthermore. rhe &on kixtics and product selectivities can be accurately calculared for by the 
accounting for the relevant r e s ~ ~ ~ n c e  stabili2ation energy differences. 

2. 

NOTATION 

A ‘. 
E* 
’ci 
kij 
Q 

Ro 

a1 

4 
PiH 

pi 
c .5 

I 
R 

t 
X 

T 0 

pp”axpomtid facG. as, ‘hol-3) 
activation energy. (kcavmol) 
p-scission rate consrant, o/s) 
hydrogen absmtion rate constant, (I/ mol-s) 
reaction product in Figure, 2 
reaction rate, (moVI-s) 
reactant in Figure 2 or reatant concentration. (mom) 
initial reactant concentration. (mom) 
batch holding time, (s) 
reactant conversion 
initiation m e  constant, (I/s) 
radical reacting in bimolecular propagation step 
stable product in Figure 2. (mom) 
radical reacting in unimolecular propagation step 
parameters in equation 10 
termination rate constant, (Vmol-s) 
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Table 1: Summary of PPN Pyrolysis Data 
Molar Yields (W) of Products at Different Reaction Conditions 

m 
40 
40 
46 
76 
99 
I58 

1 1  
17 
31 
47 
105 
151 

10 
30 
60 
95 
150 
240 

20 
30 
45 
60 
60 
90 
150 
153 

10 
I5 
30 
45 
60 
90 

Tmlvx 
365 
365 
365 
365 
365 
365 

400 
400 
400 
400 
400 
400 

375 
375 
375 
375 
375 
375 

400 
400 
400 
400 
400 
400 
400 
400 

450 
450 
450 
450 
450 
450 

Neat 
Neat 
Ne* 
Neat 
Neat 
Ne5 

Neat 
Ne5 
Neat 
Neat 
Neat 
Neat 

0.12 M Benzene 
0.12 M Benzme 
0.12 M Benzene 
0.12 M Benzene 
0.12 M Benzene 
0.12 M Benzene 

0.12 M B e ~ m e  
0.12 M B e m e  
0.12 M Benzene 
0.12 M Benzene 
0.12 M Benzene 
0.12 M B m n c  
0.12 M Benzene 
0.12 M Benzene 

0.12 M B e ~ e n e  
0.12 M Benzene 
0.12 M Benzene 
0.12 M Benzene 
0.12 M Benzene 
0.12 M Benzene 

m s r x  
17.4 4.9 
18.0 4.6 
19.0 4.4 
30.1 3.2 
39.0 0.8 
49.0 1.0 

17.1 8.9 
29.3 9.4 
49.1 3.2 
52.5 1.3 
61.0 0.0 
61.5 0.0 

0.7 0.7 
1.8 1.5 
3.4 2.6 
6.5 4.9 
10.0 7.3 
24.5 11.9 

4.4 3.4 
11.9 8.1 
13.0 9.1 
17.5 11.8 
24.6 11.8 
22.2 13.1 
35.6 9.3 
32.8 9.9 

9.1 6.9 
20.8 12.6 
32.6 9.5 
34.7 9.3 
34.9 0.7 
35.2 0.6 

PI 
1.5 
1.6 
2.1 
4.9 
3.1 
16.3 

I .4 
4.7 
13.2 
18.1 
23.3 
24.3 

0.0 
0.0 
0.0 
0.4 
0.7 
3.6 

0.0 
1.3 
1.1 
1.6 
4.9 
2.6 
8.4 
7.4 

0.7 
2.6 
8.7 
10.6 
15.8 
15.0 

bm 
14.4 
15.0 
16.9 
24.9 
29.8 
35.9 

16.5 
28.0 
37.3 
40.3 
41.9 
41.9 

0.6 
1.5 
2.9 
5.6 
9.2 
23.3 

3.6 
10.0 
11.2 
15.2 
21.1 
19.8 
32.5 
29.7 

7.9 
19.2 
30.3 
31.4 
31.1 
31.1 

Ri 
2.3 
2.5 
3.3 
6.8 
10.1 
17.5 

2.7 
7.7 
15.2 
18.7 
19.7 
19.7 

0.0 
0.0 
0.3 
1.1 
1.7 
7.1 

0.4 
2.7 
2.0 
2.9 
8.7 
4.8 
12.6 
11.3 

1.2 
4.1 
12.5 
16.0 
18.8 
18.5 

m 
2.2 
2.2 
2.0 
I .5 
1.1 
0.5 

4.5 
3.3 
1.2 
0.0 
0.0 
0.0 

1 .o 
2.2 
3.8 
6.8 
9.4 
11.7 

4.8 
9.6 
11.3 
14.2 
11.7 
14.4 
8.2 
9.1 

9.7 
16.5 
9.9 
8.9 
0.6 
0.5 

m 
53.2 
52.8 
46.4 
26.7 
19.2 
8.0 

49.9 
22.9 
6.6 
5.9 
0.0 
0.0 

98.7 
97.5 
93.9 
84.5 
76.1 
42.3 

88.3 
71.1 
68.5 
58.4 
41.3 
47.7 
17.1 
23.3 

77.0 
46.6 
12.9 
6.1 
1.2 
0.7 

Table 2: Summary of BPP Pyrolysis Data 
Molar Yields(%) of Products at Different Reaction Conditions 

b s  conditions Methvlovrene e e Vinvlovrene 
10 365 Neat 5.5 34.1 23.9 
20 365 Neat 9.1 43.5 31.1 
40 365 
50 365 
90 365 
155 365 

Neat 
Neat 
Neat 
Neat 

167 
17.2 
23.0 
25.9 

58.1 
63.4 
61.7 
52.3 

40.9 
45.4 
39.6 
29.9 

10 400 0.005 in Benzene 0.8 3.7 2.3 5.9 
20 400 0.005 in Baume 1.4 10.4 8.2 7.0 
30 400 0.005 in Bmzcne 2.0 15.7 12.0 7.1 
45 400 0.005 in BCNme 1.6 15.9 11.4 7.1 
60 400 0.005 in Benzene 4.0 35.5 31.0 7.6 
120 400 0.005 in Bmzene 7.7 51.2 48.5 3.5 
180 400 0.005 in Benzene 1 I .6 56.2 54.3 1.2 
240 400 0.005 in B e m e  16.0 62.9 58.3 0.0 
411 400 0.005 in Baume 23.9 60.8 53.4 0.0 
816 400 0.005 in Benzene 36.0 42.1 34.2 0.0 
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Figure 1: Arrhenius Plot for PPN Pyrolysis 
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Figure 2: PPN Reaction Mechanism 
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4-( 1-NAPHTHYLMETHYL)BIBENZYL CATALYZED BY CARBON BLACK+ 

ABSTRACT 

The early stages of coal liquefaction involve cleavage of methylene and ethylene 
bridges connecting aromatic rings. We modeled this process by the reaction of 
4-(l-naphthylmethyl)bibenzyl ( I )  in the presence of a hydrogen donor (9.10- 
dihydrophenanthrene). The reactions were conducted over a range of temperatures 
(320-430°C) and reaction times (30-90 min). We found that the bond between the 
methylene group and the naphthalene ring and the methylene to methylene bond of 
the bibenzyl moiety are broken with equal probability. Addition of carbon black 
(BP 2000) as catalyst (2-10%) increases significantly the conversion of I .  For 
instance, at 419OC and lh. 18% of I is converted without catalyst and 42% is 
converted in the presence of 2% of BP 2000. The increase in conversion is due to 
additional breaking of the bond between the naphthyl and the methylene groups. 
This particular carbon black is. therefore, a very active,and selective catalyst 
for the cleavage of the naphthyl-to-methylene bond. 

INTROOUCTION 

Cleavage of covalent bonds is the essential reaction occurring during coal 
liquefaction. Thermal cleavage requires temperatures so high, that other, 
mostly undesirable reactions take place resulting in little if any selectivity 
in the cleavage process. However, specific bonds can be cleaved catalytically, 
at temperatures where thermal reactions are not important. 

Because of the complexity of coal structure, it is not possible to inves- 
tigate and optimize conditions for cleaving specific bonds, or to sort out 
desired processes from side-reactions. In order to obtain meaningful data 
relevant to coal liquefaction and to be able to develop proper catalysts for the 
process, the study of model compounds containing the critical structural ele- 
ments of coal in simpler structures is necessary. The study of appropriate 
model compounds allows determinations of kinetic parameters (rates. activation 
energies, selectivities) that can be applicable to the cleavage of specific 
bonds in coal. 

To be relevant to coal liquefaction under heterogeneous catalysis, a study 
of model compounds should satisfy a number of requirements concerning the struc- 
ture of the model compound, and the type of data to be gathered. Some of these 
criteria are: 

1. The model compound should be liquid or solid under the reaction cond4- 
tions to mimic the conditions prevalent during coal liquefaction. 

404 



This usually means that the model compound should have a molecular 
weight of at least 300. A macromolecular structure could be desirable 
in some cases. 

2. The model compound should contain several types of potentially 
reactive chemical bonds under the reaction conditions. The presence 
of different reactive structures in the same molecule permits the 
study of competitive kinetics in the presence of intramolecular inter- 
actions. Many of the reactions taking place during coal liquefaction 
are influenced by other chemical structures present in the same 
molecule. Because competitive reactions certainly occur in coal 
processing, study of model compounds with only one type of bond that 
cleaves affords only limited information. 

The products of reactions should be unambiguously identified and their 
rate of formation determined. Determination of rates (both absolute 
and relative) and of activation energies of different reactions is 
essential for the study of the mechanisms of reactions. Relative 
reaction rates and activation energies for cleavage of specific bonds 
is necessary information that cannot be obtained directly from the 
study of very complex systems such as coal. In the latter case only 
an overall conversion of a complex starting material to a complex 
product mixture can be determined. An attempt at calculating an acti- 
vation energy for such a transformation gives a number with no 
physico-chemical meaning. In these cases the use of appropriate model 
compounds is highly desirable. 

In the current study, we examined the cleavage of methylene and ethylene 
bonds linking aromatic fragments. These particular reactions are considered 
important for the chemistry of coal liquefaction (1). The model compound inves- 
tigated, 4-(l-naphthylmethyl)bibenzyl ( I ) ,  contains a methylene and ethylene 
linkage in the same molecule. Thermal as well as catalytic cleavage of the 
bonds were studied. A novel catalyst was employed (carbon black, Cabot Corpora- 
tion Black Pearls 2000) for the catalytic reactions. This material has been 
used as support for metal-based catalysts (2). but has never been reported to be 
a catalyst itself. 

3.  

EXPERIMENTAL SECTION 

Materials and Analytical Procedures. 9,lO-Dihydrophenanthrene was obtained 
from Aldrich Chemical Co., Black Pearls 2000 carbon black was obtained from 
Cabot Corporation. Elemental analysis of the carbon black, performed by 
Huffmann Laboratories, Golden, CO, gave % C, 95.4; 0, 1.4; S ,  1.8; Ash, 1.3. 
Surface area (BET) quoted by Cabot is 1475 m2/g. 4-(l-naphthylmethyl)bibenzyl 
(I) was prepared i n  the laboratory of Prof. Paul Dowd at the University of 
Pittsburgh. The compound was completely characterized by I R .  UV, 1H NMR, 13C 
NMR, elemental analysis and high and low resolution mass spectroscopy. The 
purity of the product was better than 99%. The above substances were used as 
received. 

Glass reaction tubes were made from Pyrex tubing, 5 x 7 mm (i.d. x 0.d.). 
Sealed sample tubes were approximately 75 mm in length. 

Gas chromatographic analyses were carried out on a Hewlett Packard Model 
5730A gas chromatograph equipped with an SE-30 60 m column. Gas chromatography/ 
mass spectra (GC/MS) were obtained on a Hewlett Packard GC/MS Model 5985 instru- 
ment operated using 70 eV electron impact voltage and equipped with a 30 m SE-52 
col urnn. 

Dichloromethane was stored over 4 8 molecular sieves. 

405 



Identification of reaction products was accomplished by GC/MS analysis and, 
when possible, by GC comparison with authentic chemical samples. Reported 
products yields and overall conversion of I are based on GC measurements. The 
most volatile material, toluene, could not be determined accurately. but the 
quantity was always found to be close to that o f  naphthyl tolyl methane. The 
amount of toluene reported was set to equal the amount of naphthyl tolyl methane 
found. 

General Exoerimental Procedure. The reaction components (9.10-dihydro- 
phenanthrene, ca. 100 mg; I ,  ca. 25 mg and carbon black, 0. 2. 5.  10 wt % based 
on I) were weighed into an open-ended glass reaction tube. The tubes were flame 
sealed, taking no precautions to exclude air. Warm water was used to melt the 
hydrogen donor and effect mixing of the reactants. The samples were placed 
upright in a temperature equilibrated Lundberg muffle furnace and heated at the 
indicated temperatures for the given times. The samples were then removed from 
the oven, cooled to room temperature and diluted with ca. 0.5 mL of dichloro- 
methane. The samples were filtered through a plug of MgSO* and glass wool. An 
additional 0.5 mL of dichloromethane was used to wash the filter and, in 
catalytic reactions, the carbon black catalyst. An aliquot of the resulting 
solution was analyzed by gas chromatography. 

RESULTS AND DISCUSSION 

To facilitate the discussion of the results we identify in the structural 
formula of 4-(l-naphthylmethyl)bibenzyl ( I )  different bonds that can be poten- 
tially cleaved, by the letters a through e ,  and identify in Table 1 the com- 
pounds that are formed after cleavage. 

The conversion of I was studied under a variety of reaction conditions. 
The majority of the reactions were performed in the presence of 9,lO-dihydro- 
phenanthrene (9,lO-DHP) as hydrogen donor. Several experiments however, were 
performed in the absence of the hydrogen donor. 

The overall conversion of I to products is given in Tables 2 and 3 for the 
reactions performed in the presence of 9.10-DHP under thermal and catalytic con- 
ditions at various temperatures and reaction times. As shown in Table 2 ,  the 
thermal reaction is insignificant even at 4OO0C, (ca 3% conversion), and becomes 
important only at higher temperatures (18% at 419OC). Under the same reaction 
conditions, but with the addition of 5% Black Pearls 2000 (BP 2000) catalyst, 
the conversion at 400oC is ca 34%. and at 419OC it is increased to 63%. Using 
the data in Table 3 we have found that the cleavage of  bond a follows reasonably 
well, first order reaction kinetics under both thermal and catalytic conditions. 

Aside from increasing the overall rate of reaction of I ,  we found that this 
carbon black is an extremely selective catalyst for bond cleavage. Table 4 
gives the product distribution obtained from I under thermal and catalytic con- 
ditions at 419OC. In the absence of the catalyst, bonds a and d are cleaved to 
almost the same extent, with nearly equimolar quantities of 4-methylbibenzyl 
(MeBz2) and naphthyl tolyl methane (NTM) being produced. Bond b (l-methyl- 
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naphthalene and bibenzyl products) is cleaved only to a very limited extent. In 
the presence of the catalyst, however, a remarkable selectivity toward cleavage 
of bond a is observed as seen in the increased amount of MeBzz formed. In Fact, 
cleavage of bond a is practically the only reaction promoted by this catalyst. 
This activity and selectivity were observed for all temperatures and catalyst 
concentrations studied. 

Reaction rate constants and activation energies for thermal and catalytic 
reactions are given in Tables 5 and 6. The values for these parameters 
illustrate the dramatic effect of the added catalyst on the reaction of I in the 
presence of 9,lO-DHP. One of the most important results is the large difference 
in the activation energies calculated for the thermal and catalytic reactions 
for the cleavage of bond a; Ea is -60 kcal/mole for the thermal reaction (Table 
5) and 17-25 kcal/mole for the catalytic reactions (Table 6). The variation of 
the activation energy with the quantity o f  catalyst (Table 6) is an indication 
that diffusion may play a role in the catalytic process ( 3 ) .  

When I is allowed to react in the absence of the hydrogen donor, the selec- 
tivity of the thermal reaction changes and cleavage of bond d is favored. The 
catalytic reaction, in the absence of 9,10-DHP, still shows the same remarkable 
selectivity toward bond a cleavage (Table 7). In the absence o f  hydrogen donor, 
however, compounds heavier than I are formed in all experiments, indicating that 
I is acting as a hydrogen source by dehydrogenation and condensation reactions. 
Besides these heavier compounds we also observed the formation of some methyldi- 
hydrophenanthrene, formed perhaps by cyclization of MeBzz. 

In o'rder to put into perspective our findings regarding the high activity 
and exceptional selectivity of the BP 2000 catalyst in reactions with 4-(1- 
naphthylrnethyl)bibenzyl, I ,  it is worth discussing the following points. 

When the reactions of I ,  both with and without 9,10-DHP, are performed in 
the presence of a graphite carbon (Alfa) o r  of Illinois No. 6 coal, there is no 
increase i n  conversion of I above the thermal level nor is there any enhanced 
bond cleavage selectivity. Whether the behavior o f  BP 2000 is due to its 
physical structure or  some other property is currently under investigation. 

The BP 2000 catalyst appears to be specific for the cleavage of bonds 
between saturated carbons and polycyclic aromatic structures. This is 
illustrated by the reaction of diphenylmethane with BP 2000, both with and with- 
out 9,lO-DHP. Even at 420°C, lh, the methylene linkage in this compound remains 
intact. 

Cleavage of bonds between methyl groups and polycyclic aromatic radicals in 
the presence of hydrogen donors has been explored extensively by McMillen, et 
al. (4). They have rationalized this reaction as a "solvent mediated 
hydrogenolysis", involving a H-transfer by a free radical mechanism. In this 
mechanism, a dihydroaromatic forms an ArH2. free radical in a rate-determining 
step. The A r H z .  free radical then transfers a H-atom to the ipso position of the 
substituted polycyclic compound. The cyclohexadienyl-type free radical thus 
formed from the latter undergoes the aromatic carbon-methylene carbon bond 
scission. The above mechanism may be operating alongside other pathways, in the 
reaction of I in the presence of H-donors. Our Findings for the reaction run in 
the presence of BP 2000, but in the absence o f  H-donor suggest however, that the 
radical-transfer sequence cannot be the prevailing mechanism for the cleavage of 
bond a in I under the catalytic conditions which we investigated. 

Our work shows that it is possible to have high selectivity in breaking 
specific bonds under mild conditions i f  proper catalysts can be identified. 
Experiments are in progress toward the goal of understanding the mechanism o f  
action of the BP 2000 catalyst. We are also investigating its use as a catalyst 
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f o r  c leavage reac t i ons  i n  d i q u i n o l y l  ethane and dehydroxy la t i on  r e a c t i o n s  o f  
some phenols. 

CONCLUSIONS 

Our study o f  t h e  decomposi t ion 4-(l-naphthylmethyl)bibenzyl as a model f o r  
r e a c t i v i t y  o f  methylene and e thy lene l inkages  du r ing  coa l  l i q u e f a c t i o n  showed 
t h a t ,  i n  the  presence o f  a hydrogen donor, t he  bond connect ing  2 b e n z y l i c  
carbons and the  bond between naphthy l  and methylene u n i t s  i n  naphthy lpheny l  
methane, are broken w i t h  the  same p r o b a b i l i t y  i n  a thermal  r e a c t i o n .  We d i s -  
covered t h a t  a h igh  sur face  area carbon b lack  (Cabot Corp., B lack  Pear l s  2000) 
i s  a very  a c t i v e  and s e l e c t i v e  c a t a l y s t  f o r  t h e  c leavage o f  t h e  naphthy l -  
methylene bond. 
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TABLE 1. 
IDENTIFICATION OF PRODUCTS RESULTING 

FROM BOND CLEAVAGE OF 
44 1 -NAP H TH Y LM ETH Y L)B I BENZYL, I. 

Bond Cleaved Observed Products Name Symbol - 
Naphthalene N 

a Tetralin‘ Te 
m m 

@ C H z C H & - C H 3  4.Methylbibenzyi MeBz, 

3-Methy1.9, 10- Me.9,IO.DHP’ 
dlhydrophenanthrene’ 

b 1.Methylnaphthalene MeN 

O C H z C H z a  Bibenzyl BZ, 

C 

@CH*CH3 

1-(Naphthy1)phenyl N PM 
methane 

Ethyl benzene EtB 

d t3CHZ-3 1 -(Napht hyl)-4- NTM 
tolyl methane 

Toluene To 

pXylenel PX 

1 From hydrogenalion of N 
2 From cyclizalion of Me&, 
3 From furlher fragmentation of NTM 

Benzene 

NEPM 

B 

409 



TABLE 1. 
IDENTIFICATION OF PRODUCTS RESULTING 

FROM BOND CLEAVAGE OF 
4-(l-NAPHTHYLMETHYL)BIBENZYL, I. 

Bond Cleaved Obselved Products Name Symbol - 

a 
Naphthalene N 

Tetralin‘ Te 

@ c H z C H Z e C H 3  4-Methylbibenzyl MeBi!, 

3,Met hyi.9, 1 0  Me-9,lO.DH P’ 
dihydrophenanthrene’ 

C 

@ c u m 3  

1-(Naphthy1)phenyl NPM 
methane 

Ethyl benzene EtB 

1 .(Nap hthyl).4- NTM 
tolyl methane 

d 

Toluene To 

pXylenel PX 

e NEPM 

w methane 

1 From hydrogenation 01 N 
2 From Cyclization of MeBz, 
3 From further fragmentation 01 NTM 

Benzene B 
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Table 2. Influence of Temperature on Overall Conversion o f  I t o  
Products a t  x% Carbon Black B P  2000 Catalyst. '  

1 Conversion at  x% Catalrs t  
10 
_. 

5 - 2 - 0 Temperature OC - 
320 0 0.8 _ _ _  3.9 

360 0 4.6 15 23 

375 0 9.1 16.2 27.0 4 

400 3.0 17.6 33.6 43.6 

408 7.3 

419 17.8 42.7 63.0 77.0 

429 28.7 53.8 78.9 87.2 

_-_ 49.8 _ _ _  

'Reaction conditions: l h ;  w t  r a t io  I:9,10-DPH 1:4; ca ta lys t  w t  based on I .  

Table 3. Influence o f  Reaction Time on Overall Conversion o f  I t o  
Products a t  421oC and x% Carbon Black BP 2000 Catalyst. '  

Reaction Time 
Minutes 

30 

60 

90 

Conversion a t  x%.!Catalyst 
5 0 

7.1 39.1 58 

17.8 63 77 

24.5 67 86.6 

10 - - - 

'Reaction conditions: lh; w t  r a t i o  I:9,10 DPH 1:4; ca ta lys t  w t  based on I .  

41 1 



Table 4. Moles o f  Compounds' Formed/100 Moles I Consumed a t  x% 
Carbon Black BP 2000 Cata lys t . '  

Compound 

To 

PX 
Te 

N 

MeN 

Bz 2 

MeBz 

NTM 

Moles Compound Formed a t  x% C a t a l y s t  
5 10 - 0 2 - 

52.1 10.1 4.9 2.5 

3.8 5.7 6.0 4.7 

14.1 21.3 24.8 25.8 

22.4 64.4 68.4 64.6 

3.6 4.3 4.3 3.9 

4.4 5.1 5.4 5.9 

40.2 77.8 82.0 88.6 

52.1 10.1 4.9 2.5 

'Refer t o  Table 1 f o r  compound i d e n t i f i c a t i o n .  

*React ion  c o n d i t i o n s :  419OC; l h ;  w t .  r a t i o  I:9,10-DPH 1:4; c a t a l y s t  w t  
based on I .  

Table 5. React ion Rate Constants ( k )  and Act ivat ion.Ene,rgies (Ea) f o r  
Thermal Reactions o f  Bonds a and d o f  I .  

Temperature OC K a  x l o - '  (m in- ' )  kd x l o - *  (min- ' )  

400 - 2.4 - 2.7 

408 5.2 6.1 

419 12.5 16.3 

429 18.3 26.7 

Ea bond a (kca l /mo l )  - 60 Ea bond d ( k c a l / m o l )  - 70 

'React ion  c o n d i t i o n s :  l h ;  w t .  r a t i o  1:9,10-DPH 1:4. 
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Table 6. Reaction Rate Constants (k )  and Activation Energies (Ea) 
fo r  Catalyt ic  Reaction of Bond a of I a t  

XX Carbon Black BP 2000 Catalyst.' 

Temperature OC 

360 
400 

k x ( m i n - ' )  a t  x% Catalyst2 
2 5 10 

7.9 27.1 43.6 
26.3 60.9 86.8 

408 __-_ 92.2 ---- 
419 47.7 100.2 149.4 
429 48.2 116.2 146.6 

Ea a t  x% ca ta lys t  -25 - 19 -17 
(kcal/mol) 

'Reaction conditions: 

'Reported fo r  c a t a l y t i c  contribution only. Thermal background has been 
subtracted. 

l h ;  w t .  r a t i o  1:9,10-DPH 1:4; catalyst  w t  based on I. 

Table 7. 

Compound 

To 
PX 
N 
MeN 
Bz 2 

MeBz 
NPM 
NTM 

Moles of Compounds' Formed/100 Mol I Consumed in the2Absence 

Moles Compound Formed a t  x% Catalyst3 
0 (7.5) 5 (25.3) 

70.6 35.4 
0 4.3 
4.8 52.4 
3.7 7.2 
3.4 5.2 
19.3 49.6 
17.4 8.5 
70.6 35.4 

of 9,lO-OPH Under Thermal and Catalyt ic  Conditions. 

'See Table 1 f o r  compound ident i f icat ion.  

'Reaction conditions: 

'Overall conversion of I a t  x% catalyst  given in parentheses. 

4080C; l h ;  catalyst  w t  based on I .  
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, HYDROCRACKING WITH NEW SOLID ACID CATALYSTS: MODEL COMPOUNDS STUDIES. 

Ramesh K. Sharma, John W. Diehl, and Edwin S. Olson 

Energy and Environmental Research Center 
University o f  North Dakota 

Grand Forks, ND 58202 

Two new solid acid catalysts have been prepared by supporting zinc chloride on 
silica gel and acid-exchanged montmorillonite. The acid properties of these 
catalysts were determined by Hamnett indicator method which showed that highly 
Bronsted acidic sites were present. SEM/EDS studies indicated a uniform 
distribution of silicon, zinc, and chlorine in the silica gel-zinc chloride 
catalyst. The activities o f  these catalysts in the hydrocracking o f  bibenzyl. 
polybenzyl, alkylbenzenes, and other heteroatom substituted aromatics were 
investigated. Products from these reactions were analyzed by GC/FTIR/MS/AEO and are 
consistent with an ionic or acid-catalyzed mechanism. High conversions to benzene 
and other small molecular weight products depend not only on the presence o f  strong 
acid sites but also on the ability of  the catalyst to promote hydrogenation of 
complexed cationic intermediates, rather than condensation to oligomeric or 
polymeric (retrograde) materials. Our results with model compounds account for the 
effectiveness of these solid acid catalysts for conversion of coals to lower 
molecular weight materials. 

Key words: Depolymerization, solid acid catalyst, hydrocracking 

INTRODUCTION 

New concepts are required in designing catalysts for coal liquefaction to produce 
distillate fuels with a low content of heteroatoms such as sulfur, oxygen, and 
nitrogen. In a two stage process. heteroatoms are removed by catalytic 
hydrotreatment of high molecular weight coal liquids produced in a preliminary low- 
severity process. The preparation and use of strong acid-catalysts and superacids 
are active areas o f  research for isomerization, cracking, hydrocracking, alkylation, 
acylation, methanol to gasoline, etc. (1). Because of the reported advantages of 
the solid acid catalysts (2). recent research has focused on the preparation and 
characterization (2-6) of stronger acid catalysts. 

Although molten zinc chloride effectively depolymerizes coals (7 ,8) ,  significant 
hydrodesulfurization o f  aryl sulfur compounds is not effected with this reagent 
(9). Other disadvantages o f  zinc chloride are its difficulty o f  recovery and 
corrosive nature. In a recent paper we reported a solid catalyst prepared by 
supporting zinc chloride on silica gel to be effective in hydrodesulfurization of  
diphenyl sulfide and dibenzothiophene(l0). In this paper we report the preparation 
and characterization of solid acid catalyst prepared by supporting zinc chloride on 
acid-exchanged montmorillonite. The catalytic hydrotreatment of bibenzyl, 
polybenzyl, cumene, 1-phenyldecane, and n-hexadecane with silica gel and acid- 
exchanged montmorillonite supported zinc chloride, and acid-exchanged 
montmorillonite catalysts is being reported here. 

EXPERIMENTAL 

Reagents 

Bibenzyl, cumene, 1-phenyldecane, n-hexadecane and zinc chloride were obtained from 
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Aldrich. Montmorillonite was obtained from Clay Spur, Wyoming and purified as 
reported (11). 

Preparation of Polybenzyl : 

Dichloromethane (200 ml) was placed in a three necked round bottomed flask (500 ml) 
fitted with three septa, one for the nitrogen inlet syringe needle, a second for the 
nitrogen outlet syringe needle (oil bubbler), and third for injecting the 
reactants. The flask was flushed with dry nitrogen, and 40 ml of stannic chloride 
was injected into the flask. Freshly distilled benzyl chloride (40 ml) was added to 
the flask with occasional stirring. After the addition was over, the reaction 
mixture was allowed to age at room temperature for four hours. At this stage the 
reaction mixture was quenched by slowly (dropwise) adding ice-cold methanol. When 
the reaction subsided. 200 ml more of ice-cold methanol was added. A yellow viscous 
solid was formed. The cloudy supernatant liquid was poured off, and the precipitate 
was washed several times with ice-cold methanol, dilute NaOH. deionized water, and 
methanol. The resulting solid was dissolved in a minimum amount of dichloromethane 
and freeze dried. The dried polymer was redissolved in a minimum amount of 
tetrahydrofuran by adding a large volume of methanol. The precipitate was filtered. 
washed with methanol and dried in vacuo. 

Preparation of Catalysts: 

Preparation o f  acid-exchanged clay : Sodium-exchanged clay (5.0 g) was 
suspended in 200 ml of 0.1N HC1 and&%d for three hours. The acid washed clay 
was separated by centrifugation, and washed with deionized water until free of 
chloride ions. The resulting clay was air dried. Final drying was accomplished by 
heating the clay at 250°C until constant weight was achieved. 

Silica gel and acid-exchanged montmorillonite supported zinc chloride catalysts were 
prepared as described earlier (10). Total acidity and pKa's of the catalysts were 
determined by n-butylamine titrations using Hammett indicators (12). 

Analytical procedures: Instrumentation: 

Carbon, hydrogen, and nitrogen analyses were performed on Control Equipment 
Corporation Model 240XA Elementq! Analyzer. The method of Vogel (13) was used for 
chlorine analysis. Proton and C NMR spectra were obtained in d,-dichloromethane 
with TMS as standard on a Varian XL200 NMR spectrometer. Infrared spectra were 
recorded in KBr on either a Perkin Elmer Model 283 spectrophotometer or a Nicolet 
2OSXB FTIR spectrometer equipped with a mercury cadmium telluride (MCTA) detector, 
and a Nicolet 1280 computer with a fast Fourier transform coprocessor. 

Weight averaged molecular weight determination was performed in THF by gel phase 
chromatography (GPC, Waters Associates Liquid Chromatograph Model M6000) on a triple 
Column (microstyrogel) system calibrated with polystyrene and aromatic standards in 
the molecular weight range 34,500 to 202 and with UV detection. 

Quantitative GC/FID analyses were performed with a Hewlett Packard 5880A gas 
chromatograph equipped with J&W 60 m x 0.25 nun (i.d.), 1.0 micron 08-1701 capillary 
column. n-Octadecane was the internal standard. Isotope dilution GC/MS was 
performed on a Finnigan 800 IT0 ion trap detector with an HP 5890A gas chromatograph 
and a J&W 30 m x 0.32 mm (i.d), 1.0 micron film of 06-5. Phenol, naphthalene, and 
tetralin were determined with the per-deutrated analogs as the respective internal 
standards. A 15 m x 0.25 mm (i.d.), 0.25 micron 08-5 film capillary column was used 
for the analysis of high boiling components. 
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i Hydrocracking reactions: 

In a typical run, 1.0 g of substrate and 0.5 g of the desired catalyst were placed 
in a tubing bomb (12 ml microreactor). The microreactor was evacuated, pressurized 
with 1000 psig of hydrogen, and placed in a rocking autoclave heated to 350°C. The 
heating continued for three hours. At the end of the reaction period, the 
microreactor was cooled to room temperature, degassed, and opened. The desired 
amount of internal standard was added to the product slurry, the product slurry was 
transferred into a centrifugation tube by washing with methylene chloride, and the 
solid catalyst was removed by centrifugation. The liquid sample was analyzed by gas 
chromatography/f 1 ame ionization detection (quanti tat i ve) and gas 

, chromatography/Fourier transform infrared spectroscopy/mass spectrometry/atomic 
emission spectroscopy (14). 

1 For the reaction of polybenzyl, the microreactor was attached to a series of three 
pre-weighed traps that were cooled in air, dry ice-acetone, and liquid nitrogen. 
The microreactor was slowly heated (3"C/min) to 250°C and held at this temperature 
until distillation stopped. The distillate was weighed, and dissolved in 10 ml 
methylene chloride. This solution was mixed with appropriate internal standards and 
analyzed by GC/FID. isotope dilution GC/MS, and GC/FTIR/MS/AED. The undistilled 
product was extracted with THF and separated into THF-soluble and insoluble 
fractions. Both these fractions were vacuum dried, weighed. and analyzed by FTIR, 
elemental analysis, and m.w. determinations. 

Results and Discussion: 

Elemental analysis of zinc chloride supported on silica gel (SZC) and acid-exchanged 
montmorillonite (AMZC) suggests a high loading of zinc chloride on the support 
surface. Most of the chlorine is present as zinc chloride (Ca. 98%), and only a 
small amount of chlorine ( ~ 3 % )  is present as M-0-Zn-C1. SEM/EDS studies indicated a 
uniform distribution of silicon, zinc, and chlorine in the silica gel-supported zinc 
chloride catalyst (10). In this paper we prepared another catalyst by supporting 
zinc chloride on acid-exchanged montmorillonite. The pKa's and total acidity of 
silica gel-zinc chloride, acid-exchanged montmorillonite-zinc chloride, and acid- 
exchanged montmorillonite were determined by n-butyl amine titrations using Hammett 
indicators, and results are presented in (Tables 1 and 2). 

J 

! 

TABLE 1 

ACID STRENGTH ON CATALYST SURFACE 

Catalyst pka 

-5.6 -8.2 -11.30 -11.99 -12.70 -13.75 -14.56 

szc + + t + 

AM + 

AMZC-B + 

- 

+ Color of the conjugate acid of a basic indicator appeared on the surface. 
- The above color did not change. 
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TABLE 2 

TOTAL ACIDITY BY AMINE TITRATION 

Indicator Pka Amount of Acid (mmole/q) 

SZC AM AMZC-B 

m-Nitrotoluene -11.99 0.71 

p-Nitrotoluene -11.30 0.97 

Benzalacetophenone -5.6 1.96 1.28 1.55 

The total number of moles adsorbed using amine titration was based on the 
benzalacetophenone as an indicator (all acid sites with strength up to pKa = -5.6 
were determined). Due to the brown color of acid-exchanged montmorillonite -zinc 
chloride catalyst, the detection of color change was difficult. Therefore, this 
catalyst was mixed with silica gel-zinc chloride with a known acidity prior to 
titration with n-butyl amine. These titrations indicate that silica gel-zinc 
chloride catalyst has the greatest number of acid sites, and acid-exchanged 
montmorillonite the fewest. Comparison of the total amount o f  acidity for silica 
gel-zinc chloride catalyst using benzalacetophenone (pKa = -5.6), p-nitrotoluene 
(pKa = -11.3), and m-nitrotoluene (pKa = 11.99) indicated a decrease in the total 
acidity as the pKa of the o f  the indicator changed from -5.6 to -11.3. 

The acid strength for the three catalysts, as determined by the amine titration, i s  
provided in Table 1. For the silica gel zinc chloride the acid strength Ho lies 
between -5.6 and -12.7 (-5.6<pKa<-12.70). Acid-exchanged montmorillonite, and acid- 
exchanged montmorillonite-zinc chloride have acid strength Ho 55.6. Comparing the 
results o f  the acidity measurements of the three catalysts it appears that silica 
gel-zinc chloride is most acidic among the catalysts investigated. 

Catalytic hydrocracking of model compounds: 

In order to understand the nature and extent of catalytic activity of supported zinc 
chloride, reactions of bibenzyl, cumene, 1-phenyldecane, and n-hexadecane were 
investigated. All reactions were carried out with or without solvent in the 
presence of 1000 psig molecular hydrogen at 350°C for three hours. The catalyst-to- 
substrate ratio was 0.5. Percent conversion, which is a measure o f  the aryl-carbon 
bond cleavage, was calculated on the basis o f  the starting material reacted. The 
results are given in Table 3 as product yields (moles) and percentage conversion of 
the substrate to the products. 
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TABLE 3 

CATALYTIC HYDROCRACKING OF MODEL COMPOUNDS 
(1000 psig H2 pressure, 350"C, 3 hrs. catalyst wt/substrate wt = 0.5) 

I 

I' 

I' 

Catalyst Substrate Solvent Conv. Major Product 
(9) (moles) (mmo 1 es ) (%) (mmoles) 

none 

szc 
(0.50) 

*szc 
(0.50) 

szc 
(0.50) 

SZC 
(0.50) 

AM 
(0.50) 

AMZC 
(0.50) 

szc 
(0.50) 

szc 
(0.50) 

szc 
(0.50) 

BB (5.49) 

BB (5.49) 

BB (5.49) 

BB (5.49) 

p-Cresol (9.44) 

BB (5.49) 

88 (5.49) 

Cumene (8.33) 

1-Phenyldecane (4.59) 

n-Hexadecane (4.42) 

none 

none 

none 

p-Cresol (18.52) 

none 

none 

none 

none 

none 

none 

1 

85 

70 

37 

80 

75 

66 

99 

40 

20 

toluene (trace) 

benzene (3.35) 
ethyl benzene (3.26) 

benzene (3.14) 
ethylbenzene (3.03) 

phenol (2.27) 

phenol (2.04) 

benzene (4.89) 

benzene (3.96) 

benzene (1.84) 

benzene (0.65) 
C,-C6 benzenes 

C3-C6 a1 kanes 

= aged catalyst 
BE = bibenzyl 

A blank reaction of bibenzyl (without catalyst) gave almost complete recovery of the 
starting material, and only a trace'amount of toluene was detected. No benzene or 
ethylbenzene were observed in the products. However, when bibenzyl was reacted with 
zinc chloride supported on silica gel, 85.5% of bibenzyl was converted into smaller 
molecules. The major products from this reaction were benzene, toluene. and 
ethylbenzene. Small amounts of propylbenzene, butylbenzene, tetralin. 
benzylethylbenzene, benzylpropylbenzene, etc. were also formed. No chlorine from the 
catalyst was found to be incorporated into the organic products. The catalyst was 
recovered in almost quantitative amounts, and the chlorine contents were the same as 
in the starting catalyst. The amount of coke or polymeric material in the recovered 
catalyst that could have been formed due to acid-catalyzed retrograde condensation 
reaction was negligible, and no corrosive melt was formed. In a reaction with aged 
catalyst, lower conversion (70%) o f  bibenzyl was observed. Aging, or perhaps 
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exposure of the catalyst to atmospheric conditions may have changed the nature Of 
the acidity of the catalyst (10). 

Although this catalyst gave high conversion in the absence of solvent, a suitable 
solvent may be necessary for this catalyst to be useful for the coal liquefaction. 
Reaction of bibenzyl in p-cresol (solvent) was investigated. In contrast to the 
neat reaction, the conversion was low (37%) in this solvent. In addition, only 39% 
p-cresol was recovered at the end of the reaction. Bibenzyl gave the same major and 
minor products as in the reaction without solvent, but in much smaller amounts than 
expected. Bibenzyl substituted cresol, tetralin, naphthalene, anthracene, naphthol, 
and mono, and dimethylbibenzyl were some of the products. In order to understand the 
role of the solvent in the cleavage reactions, p-cresol was reacted with this 
catalyst and hydrogen under the same reaction conditions as those used for 
bibenzyl. Reaction of the solvent alone resulted in 80.4% conversion of cresol to 
other products. Only 27% of the expected phenol was formed. Dimethylphenols and 
phenoxyphenol were some of the other products of this reaction. The high reactivity 
of cresol eliminates it from consideration as a solvent. Under strongly acidic 
conditions, it apparently condenses extensively to high molecular weight products. 
Solutes also would become involved in these condensations. 

In order to further demonstrate that the Bronsted and/or Lewis acidity was 
responsible for the reductive cleavages of aryl-methylene bonds, reactions of 
bibenzyl were also carried out with acid-exchanged montmorillonite and acid- 
exchanged montmorillonite supported zinc chloride. These reactions gave 75 and 66% 
conversions for acid-exchanged montmorillonite and acid-exchanged montmorillonite 
supported zinc chloride, respectively. A majority of the product was benzene. and 
small amounts of toluene, o-xylene, and ethylbenzene were also formed. In addition, 
almost 40% of the product was polymeric material, mainly polybenzyls. The origin of 
this polymeric material may have been acid-catalyzed polymerization of the benzyl 
species formed during initial stages of the reaction. Because of formation of the 
condensation products from the hydrotreating of bibenzyl with these catalysts, their 
effectiveness in hydrotreating coal liquids might be questioned. With regard to 
avoiding extensive condensation reactions, the zinc chloride supported on silica gel 
is most effective. Nevertheless, the zinc chloride supported on acid-exchanged 
montmorillonite gave respectable conversions in the hydrotreating of low severity 
liquefaction products from Wyodak subbituminous coal (15). 

Although the conversions were high, the product yields are suggestive of the fact 
that only one aryl-methylene bond is cleaved under the reaction conditions 
employed. In order to further understand the mechanism of this reaction, iso- 
propylbenzene (cumene) was reacted with zinc chloride supported silica gel. This 
reaction gave almost complete conversion of the iso-propylbenzene. and benzene was 
the major product. The reaction of 1-phenyldecane with this catalyst gave 40.3% 
conversion. A large number of products were formed from this reaction. Major 
products were benzene, toluene, ethylbenzene, propylbenzene, butylbenzene, 
pentylbenzene and hexylbenzene. indane. etc. 

Examination of the products obtained from the reaction of n-hexadecane with zinc 
chloride supported silica gel indicated 20% cracking to smaller molecules. Major 
products of this reaction being propane. butane, pentane, and hexane etc. The low 
conversion suggests that this catalyst may be useful for cleaving bonds attached to 
aromatic rings in coal macromolecules without unwanted cracking of alkanes to 
gases. No cracking of alkanes was observed when they were used as solvents for the 
model compound reactions. 

In silica gel supported zinc chloride catalyst, highly acidic Bronsted sites are 
available due to the silica hydroxyls associated with zinc chloride. Protonation of 
the ipso position of the ring will give the arenium ion intermediate, which can 

‘ I  
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undergo aryl-methylene bond cleavage. The presence of benzylethylbenzene, 
benzylpropylbenzene, etc. in the hydrotreating products is indicative of carbonium 
ion intermediates in the reaction of bibenzyl. Formation o f  a "surfacebound" 
carbonium ion is hypothesized to explain the lack of extensive condensation that 
might occur if free carbonium ions were formed. Since the reaction rate is much 
higher with secondary alkyl groups (cumene reaction), it is clear that the reaction 
proceeds rapidly whenever the cationic leaving group can be stabilized by a- or 6- 
phenyl groups or alkyl groups. and more slowly or with extensive rearrangement when 
the leaving group is primary (1-phenyldecane reaction). It is clear that the acid 
catalyst is effective in cleaving aryl-methylene bonds at relatively lower 
temperature and without chlorine substitution or extensive condensation of carbonium 
ion intermediates. 

Q Q H 

H, 

CH, 
Z h  I 

six;o-H CH, - 
zn- \ Z h  \ / \  

CI CI c: il CH, CH, cf il CH, 

Figure 1. ACID-CATALYZED MECHANISM 

Research is in progress to characterize the spent catalyst and to test the catalytic 
activity of the spent catalysts at higher temperatures. 

Catalytic hydrocracking o f  model polymer: 

Model coal polymers with well defined structures. thermally more stable than 
polystyrene or polybenzyl ethers, are needed for testing o f  hydrotreating reactions 
in order to understand the coal liquefaction. The synthesis of a model coal 
polymer. which meets the criteria of being highly branched, highly soluble, and 
thermally stable, has been accomplished. It was not clear from the literature that 
this is a bulky (branched) polymer; however, the thermal stability is good because 
of the methylene bridges between the benzene rings. 

The infrared o f  the polymer showed a weak absorption in the 800-850 cm-l range, 
corresponding to two adjacent hydrogens on an aromatic ring. This indicates that 
the para substituted benzene components of the polymer structure are relatively 
rninpr, probably less than 10%. Because of the intense absorption at 740 to 760 
cm- , corresponding to monosubstituted benzenes, the structure must be highly 
branched containing many 1(90%) benzyl groups attached to the backbone system. A 
weak absorption at 900cm- , corresponding to single hydrogens on an aromatic ring, 
was also present in the spectrum. This absorption is usually weak, thus there are 
still some unsubstituted aromatic positions in the backbone system. The highly 
branched structure explains the high solubility of the polymer in organic 
solvents. NMR evidence shows that there are anthracene groups, but no chloromethyl 
groups. 

The anthracene is undoubtedly formed by oxidation of dihydroanthracene by the 
stannic chloride. Although the formation of dihydroanthracene terminates the chain 
in terms of obliterating the electrophilic chloroethyl groups, the reaction of 
additional benzyl groups on the polymer can occur at any point. Thus. the 
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anthracene may not necessarily be on the end of the chain. Calculation of a 
molecular weight, based on the 1 to 23 ratio of anthracene to benzyl, gives a value 
of 2250 per anthracene unit. The weight average molecular weight was found from the 
GPC data to be 1300 daltons. The presence of anthracene units in the polymer will, 
however, delay the elution of the polymer substantially and cause a severe error in 
the GPC determination, which is based on the calibration with polystyrene. 

The hydrotreating of polybenzyl (C, 92.96; H, 6.98; H/C ratio, 0.9) with zinc 
chloride supported on silica gel and 1000 psig hydrogen at 350°C for 3 hours gave 
61% distillate. The distillate was found to consist of 95% benzene, toluene, 
oxylene in approximately equimolar amounts. Small amounts of cyclohexane 
methylcyclohexane, C and C4 benzenes, naphthalene, indane, tetralin, 
methylnaphthalenes, and anthracenes were also present in the distillate. 

Mass balance and infrared analysis of the THF-soluble fraction indicated a small 
amount of polymeric material (6.9%) present. THF-solubles (Vacuum bottoms, C, 89.5; 
H, 6.21; H/C ratio, 0.83) were 32.9% of the starting polymer. Detailed 
characterization of the THF-soluble fraction is in progress. 

This experiment demonstrates that the silica gel-zinc chloride catalyst is effective 
in depolymerization of highly branched alkylbenzene polymers without extensive 
condensation to insoluble chars. 
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USE OF MODEL COMPOUNDS IN COAL STRUCTURE AND REACTIVITY STUDIES 
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Kathleen A. Carrado, and Robert E. Botto 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439, and 
tAssociated Western Universities, Inc., Salt Lake City, U T  84124 

1NTRODUCTiON 

The interpretation of data from chemical and thermal reactions of coals is often facilitated and can 
be strengthened by investigating analogous reactions in appropriate model systems. While coal 
models have ranged from small molecules to polymers to synthetically coalified biomolecules and 
biomacromolecules, it appears that there are dangers in extrapolating the behavior o f  small, soluble 
molecules to that of solid coal. We have found that polymers and synthetic coals are much more 
appropriate models fo r  coal behavior. In the present report, pyrolysis data from the latter models 
and coals will be compared and contrasted. 

EXPERIMENTAL 

The compositions of the Argonne Premium coals and polymers used in this study are given in 
Table I. The preparations of the coal samples’ and of the two polymers’ have been described. 

TABLE I .  Elemental Analyses for  the Argonne Premium Coal Samples. 

Sample Name %C(maf) H N S 0 

8 Beulah-Zap Lignite 72.9 80 1.4 0.4 20.9 
2 Wyodak-Anderson SubB 75.0 86 1.3 0.2 18.0 
3 Illinois Herrin hvCB 77.7 77 1.5 1.2 13.0 
6 Blind Canyon hvBB 80.7 86 1 .I 0.2 10.8 
7 Lewiston-Stockton hvAB 82.6 76 1.6 0.3 8.9 
4 Pittsburgh hvAB 83.2 77 I .7 0.4 8.0 
1 Upper Freeport mvB 85.5 66 I .5 0.3 6.6 
5 Pocahontas IvB 91.0 59 1.3 0.2 2.0 

Polymer I 92.6 87 
Polymer I1 79.6 84 11.0 

fH2gHj 
n 

I I I  
Scheme I .  
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GCMS and PYMS data were obtained on a Kratos MS-25 mass spectrometer. A 60 m x 0.25 mm 
DB-1701 fused silica column was used in GCMS analysis. The  details of the PyMS experiment have 
been reported.' The samples were all heated at 50"/min or a t  7S"/min on a platinum screen and the 
instrument was operated in the precise mass measurement mode. 

For the very high resolution experiments, the samples were inserted into an all glass heated inlet 
system (300' C) and leaked into the source of a Kratos MS-50 ultra high resolution mass 
spectrometer.' A dynamic resolution of 80,000 was obtained for the low voltage ( I  I eV) electron 
impact LVHRMS experiment with a scan rate of 1000 seconds/decade. The 70 eV El spectra were 
obtained with 50,000 dynamic resolution with a scan rate of 100 seconds/decade. Both spectrometers 
were operated with a Kratos DS 90 data system. Data was transferred to a Micro Vax II fo r  final 
analysis. The data are sorted by both heteroatom content and by hydrogen deficiency (HD). The 
term H D  corresponds to number of rings plus number of unsaturations (HD = -22). 

Bnthetic Polymer Models 

In the present investigation, we have examined the PyMS behavior of two synthetic polymers 
containing linkages presumed to exist in coals, an ethylene-linked naphthalene (I) and a 
hydroquinone-linked naphthalene (11). Our initial studies on the PyMS, oxidation, and liquefaction 
behavior of these polymers have been reported.' Solomon and coworkers have examined the pyrolysis 
products of similar polymers using FIMS." The PyMS techniques used in the present study have the 
distinct advantage of detecting and analyzing the pyrolysis products in the time-resolved mode, i.e. 
as soon as they are released to the vapor phase. From Figure 1, it is clear that polymer I is much less 
reactive than 11. The pyrograms of 1 look much like those produced in the PyMS of inertinite 
macerals, with no major peak until the temperature reaches approximately 540°C. In contrast, the 
major devolatization of polymer II occurs at a much lower temperature (310°C). 
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Figure 1. Total ion current pyrograms of the synthetic polymers heated beginning with scan 15 at 
75' C/min from 200' to 800" in high resolution mode. 
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We have previously reported that attempts to  unlink polymer I1 under mild acid conditions afforded 
only trace amounts of solubilized oligomeric product and almost quantitative rearrangement to a 
methylene linked polymer (111) as shown in Scheme 2.6 Both chemically and pyrolytically, the 
rearranged polymer, 11, is much less reactive than the original oxymethylene-linked polymer, 11. 
Pyrolysis of the rearranged polymer affords a major devolatization peak at 480°C. 170°C higher 
than that of the original (Figure I). 

I I  I l l  

Scheme 2. 

In addition, we have found the following convincing evidence that pyrolysis o f  the unrearranged 
oxymethylene-linked polymer I1 involves, as one of the reaction pathways, an analogous 
rearrangement to a methylene-linked polymer. In the PyMS of polymer 11, a fragment with 
M/Z=108 can be due to quinone, a cresol, or a hydrocarbon. High resolution mass spectrometry 
makes i t  possible to differentiate among these species; and the results of using this technique in our 
PyMS experiments with polymer I1 are shown in Figure 2. At temperatures below 300"C, quinone 
but no cresols is detected while above 350'C. the reverse is observed. A very simple and reasonable 
explanation of these results is shown in Scheme 3. 

1 1 1  

Scheme 3. 

425 



100 
auinono 

200 250 300 350 400 

\ 
0 , .  . . . , , , , . ;, , . , ~, , , . , . . , , 
200 250 300 350 400 0 

Temperature ' C  

Figure 2. Selected ion chromatogram for quinone and methylphenol 
fragments from PyMS of Polymer 11. 

The time resolved high resolution MS data makes it possible to differentiate between these two 
different pyrolysis products even though they have the same nominal mass. 

In light of these results from the model polymer, the data from PyMS of some of the Argonne 
Premium Coal Samples were examined for  alkylated phenols and quinones. For the subbituminous 
coal (APCS #2) peaks which could be assigned quinone structures were observed a t  the lower 
temperatures. In Figure 3, the evolution of selected peaks are shown as a function of temperature. 
There is no evidence for quinones at the higher temperatures while alkylphenols are  still observed. 
Higher rank coals such as the Illinois No. 6 (APCS #3) yielded only trace amounts of peaks 
corresponding to quinones while none were observed for coals with greater than 80% carbon, 
however, alkylphenols are observed. 

0 60 80 20 40 0 

Scan 

Figure 3. Selected ion pyrograms for the subbituminous coal (APCS #2) 
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Svnthetic Coal Models 

Lignins are thought t o  be the major precursors of vitrinite macerals. Synthetic 
vitrinites have been prepared heating the lignin with promotion by clays.' 
Softwood lignins are made up  mostly from the coniferyl alcohol monomers (IV). 
Some of the initial reactions are the loss of methyl and methoxyl with re- 
alkylation of the benzene ring. Also, studies of sediments confirm that these 
types of transformations occur! 

Model compounds of the softwood lignin structure were reacted under simulated 
coalification conditions in  order to elucidate the clay-organic reactions 
resoonsible for  bond cleavage and rearrangement Drocesses in these svstems. Of 

H , C O -  
H C -  
- C H  

(2 OCH, 
? 
I V  specific interest was the reactivity of an&ole (phenyl methyl e ther j  groups in 

these model compounds, which include m-methyl anisole (mMA), guaiacol, 4- 
hydroxy-3-methoxy toluene and 4-phenoxy-3-methoxy toluene. Pillared clays 
(PILCs) were chosen as the catalysts because they are an order of magnitude 
more active than untreated clays under these specific conditions. PILCs are smectite clays with 
permanent intracrystalline porosity made by metal oxide molecular props, usually alumina, that hold 
the clay layers apart. 

The predominant reaction observed is 0-methyl bond cleavage of anisoles to lead to phenolic 
functionality. Transalkylation and dealkylation reactions are also observed by GCMS and solid- 
state NMR techniques. In addition, isotopically labeled '% anisoles were synthesized and reacted 
with clays. Mass spectra of volatile products reveal the presence of "CH,OH and large amounts of 
("CH,),O due to further dehydration of methanol over the clay surface. 

Table 2 gives the distribution of solvent-extractable products obtained from mMA catalysis as 
determined by GCMS. The amount of mMA decreases as it is reacted to m-cresol and alkylated 
cresols (major products), and alkylated anisoles (minor products). The amount of dialkylated 
products begins to decline after a certain amount of reaction time, as they are further cracked to 
simpler products. 

TABLE 2. Distribution (mole %) of soluble products obtained from 
the reaction of m-methyl anisole with pillared bentonite clay at 150" C. 

Time (hours) 

Product 0 22 49 12 

mMA 
Me-mMA 
Me,-mMA 
m-cresol 
Me-cresol 
Me,-cresol 

100 69.2 9.4 4.9 
0 3.3 9.8 10.1 
0 0 1.8 I .o 
0 21.1 33.2 34.8 
0 0 24.5 41.4 
0 0 21.3 1.8 

mMA = m-methyl anisole 
Me = methyl 

These results give an indication of the types of reactions that occur under simulated coalification 
conditions. These necessarily involve heterogeneous interactions with a solid acid catalyst and 
reactions that are typically catalyzed by protons. 

421 



From the model studies one would predict that the number of benzene rings with two oxygen 
substituents would decrease with increasing rank. Also, the overall phenolic content should decrease 
with rank. PyHRMS data have been obtained for the eight Premium Coal Samples. An estimate of 
yields of phenols from the high vacuum pyrolysis is shown in Figure 4. The trends observed are as 
expected except for the Utah Blind Canyon Coal (APCS #6). This coal is rich in liptinites which 
would mean that the products would be dominated by the high yield hydrocarbons from the 
liptinites. Overall, the species with two oxygens decrease rapidly after about 78% carbon content. 
The Illinois No. 6 coal may be a little unusual since i t  has a fairly high oxygen content for a high 
volatile bituminous coal. There appears to be a significant amount of lignin character left in the 
lignite. This conclusion is supported by oxidative degradation data and by  characterization of 
extracts from lignite. 
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Figure 4. Phenols from PyHRMS of the Premium Coals presented as a stacked plot. 

CONCLUSIONS 

It would be very difficult to say anything about chemical structures in coals without results from 
model systems. Many times the systems were not studied as a model for coals, but the results can 
still be used to interpret the coal data when similar methods are used. Macromolecular models can 
be quite realistic and some of the examples described in this paper show how they can be used to 
better understand the coal results. However, one must be careful that the model results are not over- 
interpreted much like the problem that has occurred with drawing or modeling of "average 
structures." 
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INTRODUCTION 
Efforts to understand the key chemical reactions responsible for coal conversion have been 

severly hindend over the yean by the necessity of having to infer a complex sequence of chemical 
reactions fur a substrate, coal, whose critical linkages are basically unknown. To aid in the effort, 
many workers have studied the reactions of coal "models" under various conversion conditions. 
However, this already imperfect solution has itself been limited by the inappropriateness of many 
of the models, and by the widespread misconception that the spontaneous thermal scission of 
inherently weak linkages in the coal smctures is solely responsible for the fragmentation of the 
coal matrix. In faci the combination of these two factors has compounded the situation: the 
perception of control by homolysis of weak linkages has led to a disporportionate focus on weakly 
bonded models such as bibenzyl, benzylphenyl ether, and related structures. This paper repas 
the initial results of an effort to use d e l  s m c m s  that (1) have intercluster linkages that are 
perhaps more representative of those in coals, and (2) are incorporated into polymeric networks in 
order that mass msport and other effects that can be important in heterogeneous systems might be 
more appropriately mimicked. 

The basic linkage chosen for the present study is the oxy-ethylene linkage of phenyl 
phenethyl ether. Although phenyl phenethyl ether and related smcttms have been previously 
studied as coal models (1-4). they have not received the attention commensurate with their 
recognized abundance in lignins. No studies, to our knowledge, have been reported for specially 
synthesized and characterized polymers containing this linkage. As it happens, the weakest bond 
in phenyl phenethyl ether. the phenoxy-carbon bond, is about equal in strength to the central bond 
in bibenzyl(5.6). At -61 kcal/mol, the bibenzyl bond is undergoes homolysis at 400°C with a 
half life of -25 hours, but as has been welldemonstrated in studies of several three-atom-linked 
di-aryls (1-4). homolysis typically serves only as the initiation process for their decomposition. In 
the case of phenyl phenethyl ether itself, the very facile bscission of the benzylic radical formed 
by H-abshaction results in an observed half-life (at 400OC) that is at least 10 times shorter than that 
for the homolysis (2). Clearly, either coals do not have v a y  many such linkages, or some other 
factor (viz., retrograde reaction) counteracts the demonstrated reactivity of the OC-C- linkage. 
Interestingly, low-rank coals have for a long h e  been known to be more reactive than bituminous 
coals, but they give lower liquefaction conversions. Therefore, it seems likely that a msslinked 
or intemvined polymeric network, or the presence of additional functional groups (Le.. -OH, - 
OMe, or -cooH) result in a proclivity for retrograde reactions that makes coals with very labile 
linkages unusually hard to convert. To better understand those retrograde processes and the 
approaches that might be used to limit them, we have embarked on a program to synthesize. 
characterize, and study the conversion of the polymeric, three-atom-bridged models described 
below. 
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RESULTS 

Polymer Synthesis 
We prepad two threc-atom-bridged polymers of the -0-C-C- type. and for a baseline 

comparison. the corresponding -C-C-C- type polymm. This paper focuses on the synthesis, 
characterization, and initial conversion studies of two variations of the O C - C -  linked polymers. 

Polymers containing the QC-C- linkage between single phenyl rings have been prepared 
by the oxymercuration of eugenol (R = OCH3) and Callylphenol (R = H). Eugenol was obtained 
from Aldrich Chemical, Inc. 4-Allylphenol was obtained by custom synthesis from Saber 
Laboratories (Morton Grove, Illinois). The polymerization was conducted at 8OoC in nitromethane 
solvent using dry H g ( C F 3 W 2  as a catalyst. The low nucleophilicity of the tifluoroacetatc 
(TFA) allows for attack on the mercurated complex by the phenolic oxygen resulting in 
polymeriation of the subswtc. Mercury was removed from the intital polymerization product 
using sodium borohydride. 

I. R = H  
/I, OCHa 

The polymers were characterized using elemental analysis, GPC, NMR, and field 
ionization mass spectrometry (FIMS). GPC shows that the poly(eugeno1) sample discussed here 
has a broad distribution of molecular weights (1x101 to 2x106; Mn -2~105). The poly@- 
allyphenol) sample, on the other hand, has a narrow Mw range with a M,, 4x106. Light 
scattering experiments confirmed the very high molecular weights of these polymers. The 
polymers are insoluble in most common solvents and only sparingly soluble in cold DMF. 
However, they have high solubility in hot DMF. lH NMR peak ~vea ratios were generally 
consistent with the expected ratios, but were not highly precise, owing to limited solubility in the 
cold DMF as well as interference from water and traces of protonated solvent in the deuterated 
DhlF. l3C CPMAS NMR of the solid samples is also consistent with the expected structure, 
however, reliable quantitative information on the relative amounts of alkyl and aryl protons could 
not be obtained. Improved solution phase. NMR will be obtained with new. lower molmlar 
weight samples that are currently being prepared. Elemental analysis (Galbraith Laboratories) in 
both cases indicates WC ratios slightly lower than expected (0.99 and 0.97 vs calculated values of 
1.20 and 1.1 1 for the poly(eugeno1) and poly(4-allylphenol), respectively). 

reaction sequence: 
Initial efforts to produce wellcharacterized -C-C-C- polymers have used the following 

n 

V VI 



i, 

?he cga'dibromegxylene (V) was treated with the monoanion of dirhiane (VI) in THF at -50" 
to -3oOC. The product 
anticipated structure. The dianion from W was treated with the dibromide (V) at low temperatures for 
3 hours and thereafter at room tempeature for 15 hours. The THF-soluble fraction showed a polymer 
of MW -2500. Desulfurizarion of the THF-soluble portion was effected using h e y  Ni and the 
product was exhaustively extracted to yield a polymer of MW -1500. Elemental analysis gave C= 
83.86% and H = 8.746, indicating an W C  ratio of 1.24 (as compared with an expected mho of 1.11). 

was c h m c t d  by TLC and IWR and found to consistent with the 

Polymer Characterization by Pyrolysis-FIMS 
As with the elemental and h'MR analyses. the Py-FIMS characterization of the poly(eugeno1) 

and the poly(4-allylphenol) is appropriatedly described as consistent with, but not conclusive evidence 
of, the desired sbuctures. Since the FIMS characterization of a material that is not volatile under high- 
vacuum conditions involves programmed-temperature heating to pyrolyticaUy generated volatiles that 
are then mass spectromehically analyzed, it constitutes a thermal conversion experiment that bears 
relevence to coal liquefaction or pyrolysis. Therefore the F'y-FIIvlS results will be discussed in some 
detail. 

The Py-FIMS spectra of the poly(eugeno1) and the poly(4-allylphenol) are shown in Figures 1 
and 2.  The spectra are relatively simple and are dominated by C1- to C3- phenols or 
dihydroxybenzenes (catechols), and, in the case of the poly(eugenol), by an ion corresponding to the 
monomer ( d z  164). These products are. all to be expected from the desired polymer structure. 
However, the relative amounts of the various fragments are quite unexpected, indicating either that the 
decomposition sequence is not as anticipated, or the polymer smcture is not exactly as desired, or both. 

In both cases, the sequence of oligomeric groupings commonly Seen in F'y-FIMS of linear 
polymers (7) is essentially absent. The poly(eugeno1) (Figure 1) has a large peak at d z  164, 
representing the monomer, but very little intensity in the vicinity of the dimer (m/z 328), and none in the 
vicinity of the trimer ( d z  492) The spectrum of the poly(4-allylphenol) is even more pronounced in 
this regard: there is only moderate intensity at the monomer ( d z  134) and essentially none at the dimer 
and mmer masses (268,402). The ten-fold decline in intensity of the dimer relative to the monomer, 
and the total absence of any ion intensity corresponding to the himer is highly unexpected for a linear 
polymer that cannot unzip and is thus limited to scission by random amck on its linkages. The 
principal expected bond scission pathways shown below for the case of the eugenol polymer should 
occur randomly along the polymer chain and would result in a whole sequence of oligomers, as has 
been reported in the pyrolysis of other linear polymers.(7) 

lsoeugenol Scheme 1 

Along with the absence of higher oligomers, Figures 1 and 2 also show that each polymer 
yields substantial amounts of several alkylated dihydroxybenzenes and phenols, respectively. In the 
case of poly(eugeno1). the C1- and C2- dihydmxybenzenes are of comparable abundance to the 
monomer itself. In the case of the poly(4allylphenol), C1- and C2- phenols are. about ten times as 
abundant as the monomer. In both cases, the sum of C1- , C2- and C3- phenols is substantially greater 
than the intensities of the monomers themselves. 
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Examination of the temperature dependence for evolution of the major peaks in Figures 1 
and 2 suggests there tm separate production routes for the monomers and the more highly 
fragmented phenolics, at least in the case of the poly(eugeno1). Figures 3 and 4 show the 
abundance of the individual peaks as a function of temperature for the two polymefi. In the case 
of poly(4allylphenol) (Figure. 3). the monomer and the C1- phenol evolve at similar temperatures. 
On the other hand, in the case of poly(eugeno1) (Figure. 4), there is substantial evolution of the 
monomer (164) well below 30O0C, while the methyl catechol (124) does not peak until about 
WOC. 

Referred evolution of the monomers at lower temperatures is consistent with the 
expectation (1-3,s) that depolymerization results from H-absuaction--j%scission chain processes, 
as depicted above in Scheme 1. The C1- to C3- phenols and catechols, on the other hand, do not 
have easily identifiable chain routes, and would be expected to be rapidly evolved only at higher 
temperatures. Monomer evolution is expected to be more facile for poly(eugueno1) because the 
methoxy group decreases the snength of the phenoxy<:arbon bond in the -0-C-C- linkage by about 
4 kcaVmol(9,lO). All other things being equal, this decrease in bond strength would be expected 
to decrease by about 15OoC the tempera- at which an equivalent decompostion rate is observed. 
As Figures 3 and 4 show, the peak of monomer evolution in poly(eugeno1) is at least 150°C lower 
than for poly(4-allylphenol). This result may have bearing on the as-yet unresolved question (8) of 
whether phenyl phenethyl ether-type smctures are a class for which concerted decomposition in a 
retro-ene process is competitive with the free radical chain process shown above (Scheme 1). 

The mode of formation of the C1- to C3- catechols and phenols is even more puzzling than 
theoligomer distribution. Possible routes to the C1- to C3- catechols could involve initial methyl- 
phenoxy cleavage, as the homolysis of the ca. 61 kcal/mol methyl-0 bonds becomes rapid in the 
vicinity of 400°C. However, this suggestion is not consistent the fact that the yield of C1- and C2- 
phenolics, is actually greater for the poly(4-allylphenol), which has no methoxy group, nor with 
the fact that the evolution of methylphenolics reaches its maximum at about the same temperature 
for both the poly(eugeno1) and the poly(4allylphenol). 

Liquefaction of -0-C-C- Polymers 

and for comparison, the results for a weakly linked (-0-C-) polymer and a sample of the Argonne 
Zap Lignite are shown below. 

The batch microautoclave liquefaction results for poly(eugeno1) and poly@-allylphenol), 

PRODUCT YlELDSa IN THE LIQUEFACnoN OF MODEL POLYMERS 

Sample Hexane- Toluene- Pyri dine- Toluene- Pyridine- G as 

Poly(eugeno1) 27 66 93 27 0 8 
Poly(44lylphenol) 1 52 96 44 0 5 
Polymer VIII 85 96 100 4 0 3 
Zap Lignite 14 28 46 62 50 5 

a The liquefaction tests were performed in a microautoclave reactor, using 9,1@ 
dihydrophenanthrene as the solvent. The reactor was purged and sealed under N2, and then 
immersed in a sand bath at 400OC for 30 minutes. 
bpolymer VIII is a linear polymer having the structure: 

Solubles Solubles Solubles Insolubles Insolubles 
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The hexane- and toluene-soluble conversions of the two -0-C-C- linked polymers are in the 
same order as the Py-FIMS volatilities (53 and 28%. respectively for the poly(eugeno1) and the 
poly(4-allylphenol). They are substantially harder to convert than the weakly bonded Polymer 
VIII, but, in the case of the poly(eugenol), easier to convert than low-rank coal. The similarities 
and differences will be further considered in the Discussion Section. 

DISCUSSION 
The fact that the pyrolysis products are dominated by lower oligomers and smaller 

fragments does not, by itself, indicate whether the crosslinks were pre-existing or were generated 
in the course of the thermal treatment. This question is of course central to both the 
characterization of the original polymers, and also to an understanding of their behavior under 
liquefaction and other conversion conditions. Comparison of the conversion of the two -0-C-C- 
linked polymers with the "conversion" of other three-atom-linked models, including phenyl 
phenethyl ether itself, shows the apparent rate of polymer conversion to be somewhat slower than 
expected. Gilbert and Gajewski report (2) apparent rate parameters for phenyl phenethyl ether 
decomposition that correspond to a half-life at 400°C of about two hours. Considering that the 
linkages are somewhat weaker in both poly(4-allylphenol) and poly(eugeno1) (5,9), and that many 
fewer than half the linkages need to be broken to make either of these polymers, if linear, fully 
soluble in toluene certainly supports the other indications of significant crosslinking at some stage. 
We are presently preparing additional batches of the poly(4allylphenol) with phenol added during 
the synthesis to purposely terminate the growing polymer chains at a molecular weight level well 
below one million. 

In general, the behavior of these two polymers is similar to the behavior of other polymeric 
models that are either crosslinked to begin with or are easily crosslied during conversion and to 
the behavior of low-rank coals themselves, as previously discussed by Solomon and coworkers 
(7, 11-13). A high degree of crosslinking results in cleavage to free, and hence volatile, fragments 
of mainly small units, rather than large segements of a linear polymer chain. In addition, the high 
yields of the dihydroxybenzenes and the cresols are specifically quite similar to products generated 
during the pyrolysis (or liquefaction) of lignites and subbituminous coals (11-13). 

Specifically, the poly(eugeno1): (1) has a linkage known to be highly reactive; (2) begins to 
produce some monomer at temperatures lower than 2 0 0 O C ;  (3) is nevertheless rather hard to fully 
convert to soluble or volatile products; and (4) has as its most abundant pyrolysis products those 
same alkylated catechols that tend to dominate the pyrolysis products of lignites and subbituminous 
coals. In other words, it bears a rather curious similarity to low-rank coals, given the limited range 
of structures in the original polymer. Thus it appears that these polymeric models containing -0-C- 
C- linkages may represent appropriate st~ctures for use in determining the chemical details (and 
therefore what conmls) the facile retrograde reactions of low-rank coals. 
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Figure 1. Pyrolysis-FI mass spectrum of poly(eugeno1). 
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Figure 2. Pyrolysis-FI mass spectrum 'of poly(p-allylphenol). 

436 



100 200 300 400 500 

TEMPERATURE (“C) 

Figure 3. Thermal evolution of cresol and monomer from poly(4-allylphenol). 

TEMPERATURE (“C) 

Figure 4. Thermal evolution of methyl dihydroxybenzene and monomer from poly(eugeno1). 
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HYDROQUINONE COPOLYMERS: MODELS FOR RETROGRADE 
REACTIONS IN LIQUEFACTION PROCESSING 

' I  

\ 
I ,  

E. 5. Olson, R. K. Sharma, L. J .  Radonovich, Jr.. M. J. Heintz. and J. W .  Diehl 
University of North Dakota, Energy and Environmental Research Center 

Grand Forks, North Dakota 58202 

The identification of structures responsible for retrograde reactions is a high 
priority research objective in coal liquefaction. Interest has focused on the 
cleavage of benzyl aryl ethers and subsequent polymerization o f  the fragments. In 
our work, the reactions of the polyethers prepared by reaction of bis(bromo- 
methy1)naphthalene with hydroquinone were investigated in a tetralin system. 
Analysis of the products from the copolymers demonstrated that almost all of the 
naphthyl moieties were converted to dimethylnaphthalene, whereas the hydroquinone 
groups were converted to very high molecular weight macromolecules. Light- 
scattering studies showed that the product has a very high depolarization ratio, a 
property also demonstrated by coal macromolecules obtained by mild liquefaction 
and extraction but not by synthetic polymers, including polyphenylene oxides. 
Similar macromolecules were obtained in thermal reactions o f  benzyloxyphenol and 
dihydroxybenzenes in tetralin. 

Key words: benzyl aryl ether cleavage, retrogressive reactions, dihydroxybenzene 
polymers 

INTRODUCTION 

Formation of char during coal liquefaction is deleterious to the process because 
of deposition on the catalyst as well as in the apparatus. Phenolic groups have 
been implicated in the retrogressive reactions that result in char formation in 
SRC materials (1,2); however, the nature of the condensation reaction that the 
phenolic substances undergo has never been precisely defined. The addition of 
hydrogen donors, such as tetralin. to SRC fractions with high phenolic content 
inhibited char formation ( 2 ) .  It is important to note in these studies that 
derivatization of the phenolic groups in the SRC with acetic anhydride resulted in 
higher char yields when the acetylated products were heated. The explanation for 
this was that the thermally labile esters readily decomposed forming phenoxy and 
acetyl radicals, which then abstracted hydrogen from other coal groups. 
Dimerization and addition reactions of the resulting radicals would result in char 
formation. 

The thermal reactions of benzyl phenyl ether have been investigated as a model for 
the cleavage of the oxymethylene bridge in coal. The data from these modeling 
experiments is consistent with a mechanism involving homolytic cleavage of the C-0 
bond, forming phenoxy and benzyl radical intermediates. In a good hydrogen donor 
solvent such as tetrahydroquinoline, the radicals are capped and toluene and 
phenol are formed ( 3 ) .  However, when hydrogen donor solvent was not present or 
even in the presence of some tetralin. addition or  condensation products were 
obtained (4). 

The presence of dihydroxyarenes in coal structures and the well-known tendency of 
dihydroxybenzene to condense to polymers under oxidative conditions ( 5 )  suggests 
that retrogressive reactions of compounds containing dihydroxy or dioxy groups 
should be investigated under conditions typical of coal liquefaction. The initial 
model chosen for this investigation was the insoluble copolymer, poly(Z,6- 
dimethylnaphthaleno-1,2-dioxybenzene). The 1,4-substituted analog was previously 
used in modeling coal pyrolysis and swelling studies (6,7,8). Reactions of the 
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copolymer and related monomers were carried out in tetralin so that we could 
determine whether retrogressive reactions could occur even when hydrogen donor 
solvent molecules are readily available. 

EXPERIMENTAL 

The procedure of Squires et al. (6) was used for preparation of poly(2,6- 
dimethylnaphthaleno-1,4-dioxybenzene. 1,2,3,4-Tetrahydronaphthalene (tetralin), 
hydroquinone, catechol, and 4-benzyloxyphenol were obtained from Aldrich. 

The reactions were carried out in a 75-1111 stainless steel reactor. The reaction 
vessel was charged with 2.00 g of model compound or polymer and 16 g of tetralin, 
evacuated, sealed, and heated in a fluidized sand bath at 420'C for 6 min with 
shaking. The tube was removed from the sand bath, cooled, slowly depressurized 
and opened. The product slurry was transferred into a centrifugation bottle by 
washing with hexane, and the solid product was removed by centrifugation. The 
hexane-soluble product was analyzed by GC/FTIR/MS. 

The hexane-insoluble product was separated into tetrahydrofuran (THF)-soluble and 
insoluble fractions by extraction o f  the solid into that solvent. The THF-soluble 
product was sublimed at llO"C/1.2 torr for two hrs. The sublimate was analyfed by 
GC/FTIR/MS. The residue left after sublimation was analyzed by FTIR and C NMR 
in THF-d,. Molecular weight determinations were performed by GPC and low-angle 
laser light scattering photometry. The THF-insoluble fraction was analyzed by 
FTIR. 

RESULTS AND DISCUSSION 

The thermal reaction of the mixture of poly(Z,6-dimethylnaphthaleno-1,4- 
dioxybenzene) in tetralin at 420°C for 6 min resulted in extensive degradation of 
the copolymer. The product distribution was 6.5% THF-insoluble material, 28% 
hexane-insoluble, THF-soluble fraction, and 63% hexane-soluble fraction. The 
hexane-soluble fraction consisted mostly of dimethylnaphthalene and a small amount 
of solvent-derived dimers. Since the weight X composition o f  dimethylnaphthalene 
units in the copolymer is 60%, the formation of dimethylnaphthalene was nearly 
stoichiometric. 

The THF-soluble fraction was sublimed under vacuum (llO"C, 1.2 torr) to remove low 
molecular weight material. A small amount of hydroquinone was isolated as the 
sublimate. The majority of the fraction did not volatilize. The residue from 
vacuum sublimation was redissolved in THF, and the molecular weight was determined 
by low-angle laser light scattering photometry with Cabbanes factor corrections 
(9). Depolarization ratios were large for the set of solutions, resulting in 
Cabbanes factors as large as 3.61 for a 0.13 mg/ml solution. These high 
depolarization ratios are comparable with those obtained for coal macromolecules, 
which also scatter light anisotropically. Most synthetic polymers, including 
poly(pheny1ene oxide), have low depolarization ratios. The reciprocal ,Rayleigh , 

Plot of the Cabbanes-corrected scattering factors was nearly linear (r = .97) 
with a positive slope ( A ,  = .0063). The weight average molecular weight (M,) was 
1.92 million Da. 

The high yi,eld o f  dimethylnaphthalene indicates that the predominant pathkay 
involves cleavage o f  the C-0 (benzyl ether type) bonds. The resulting 
naphthylmethylene radicals are presumably rapidly capped by the hydrogen donor 
solvent. The fate of the oxy radical i n  this reaction i s  different than that, o f  
the -phenoxy radical produced in the benzyl phenyl ether reaction. Only a portion 
Of the OXY radicals produced from cleavage of the ether groups in the copolymer 
were converted to hydroquinone, while the majority were condensed to a high 
molecular weight material. 
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To further elucidate the difference between the mono and dioxybenzene systems, the 
thermal reaction of 4-benzyloxyphenol was carried out in tetralin under the same 
conditions. This model compound represents a single unit of the copolymer and was 
expected to give toluene from the benzyl radical as well as the reaction products 
from the oxyphenol radical. This reaction produced the expected toluene, the THF- 
insoluble fraction, and the hexane-insoluble, THF-soluble fraction. However, the 
amount of the THF-soluble fraction was smaller (14%) than that obtained from the 
copoymer. Sublimation of this fraction gave a small amount of hydroquinone. The 
molecular weight of the sublimation residue was 3.14 million Oa. Depolarization 
ratios were similar to those observed for the product from the thermal reaction of 
the model polymer, resulting in Cabbanes factors of 4.77 for the 0.12 mg/ml 
solution. The reaction of 4-benzyloxyphenol in tetralin has been reported 
previously (lo), but no details concerning the product were given. The thermal 
reaction of methoxyphenols in tetralin were studied by Bredenberg and Ceylon 
( 1 1 ) .  The yields of hydroquinone from 4-methoxyphenol were quite small, but the 
fate of the oxy radicals generated from this ether were not elucidated, since 
polymeric materials were not investigated. Similar poor recoveries of products 
from tetra1 in reactions of hydroquinone and 4-methoxyphenol were mentioned by 
Kamiya et al. ( 1 2 ) .  

The thermal reactions o f  dihydroxybenzenes in tetralin were reinvestigated to 
determine the nature of the products and their similarity to those from the ether 
reactions. The reaction of hydroquinone in tetralin at 420°C was carried out, and 
a hexane insoluble, THF soluble fraction containing the anisotropic polymeric 
product (Mu = 0.95 million Da) was obtained. Thus the cleavage of the phenolic 
0-H bond may give an oxyphenol radical which may be the same species as that 
produced in the ether C-0 cleavage discussed above. 

Catechol was also heated in tetralin at 42D'C. (M,,, = 1.97 million) was obtained. The polymer from the catechol was also anisotropic. 
giving a Cabannes factor of 3.63 for the 0.14 mg/ml solution. 

Infrared spectra of the THF-soluble polymers exhibit large broad hydroxyl 
stretching absorptions similar to coals. Bands cvaracteristic of both phenols and 
aryl ethers occur at about 1200 and 1260 cm- , respectjvely. A small band 
corresponding to conjugated carbonyl is present at 1700 cm- . In addition to the 
aromatic C-H stretching bands, aliphatic bands are also present, probably from 
incorporation of tetralin into the polymer. Cronauer has previously discussed the 
tendency of radicals to incorporate tetralin (13). Further characterization of 
the polymeric materials is in progress. 

Schlosberg et al. (4) have described a number of potential reactions of the benzyl 
and phenoxy radicals that result from homolytic cleavage of benzyl phenyl 
ethers. Most of these will also apply to oxy radicals produced in the cleavage in 
the dioxy systems. Until detailed information on the structures in the polymers 
is available, we obviously can not write detailed mechanisms for the polymer 
formation. We can, however, state the following generalizations: 

( l j  The oxy radicals are more involved in the polymer formation than the 
naphthylmethylene or benzyl radicals produced in the homolytic C-0 cleavage 
reactions of ethers of dihydroxylbenzenes. This is shown by the recovery Of 
most of the dimethylnaphthalene units as dimethylnaphthalene and benzyl as 
toluene. This contrasts with the reactivities o f  phenoxy versus benzyl 
radicals, which were approximately equal in the presence o f  hydrogen donor 
solvents (4). 

( 2 )  The thermal reactions of dihydroxybenzenes and their ethers in tetralin 
result in polymeric products in contrast with the reactions of phenyl ethers 
that give additional by-products composed of mainly two or three rings 
(4,141- 

Again, a polymeric product 
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The oxygen f u n c t i o n a l  groups i n  coa ls  undoubtedly p l a y  an impor tan t  r o l e  i n  coa l  
l i q u e f a c t i o n .  Al though benzyl  phenyl e the r  l inkages  are  c leaved under r e l a t i v e l y  
m i l d  l i q u e f a c t i o n  cond i t i ons ,  we see from t h i s  study t h a t  some o f  t he  r a d i c a l s  
r e s u l t i n g  from t h i s  sc i ss ion  may r e a d i l y  condense i n t o  h i g h l y  a n i s o t r o p i c  
macromolecules, even i n  the  presence of  hydrogen donor so lvents .  
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INTRODUCTION 

The possible use of supercritical fluid extraction (SFE) of coal to 
obtain cleaner, more versatile fluid products is of significant 
interest. Some fluids have the opportunity to participate as reactants 
at process conditions, which may yield extracts of very different 
compositions than those obtained from other treatments and which will 
be dependent on the fluid used. Thermodynamic consideration of SPE 
leads to the prediction that the enhanced solubility (volatility) of the 
solute may be several orders of magnitude(1-3). Thus, this method 
combines many of the advantages of distillation with those of 
extraction. However, despite the interest in SPE, only a few studies 
have reported the basic chemistry that may be taking place during coal 
extraction at these conditions(4-8). 

The current program is concerned with nitrogen removal from, and the 
rupture of carbon-carbon bonds between, aromatic rings in model 
compounds thought to be representative of structures found in fossil 
fuels. Because of the difficulty of removing heterocyclic nitrogen, 
experiments were initiated by extensively examining the reactivities of 
quinoline and isoquinoline, as well as brief examinations of the 
reactivities of other compounds(4). The selection of water as the fluid 
was based on its physical and chemical properties(9) and on the 
observation that a few studies of SFE of coal using water as the fluid 
have given encouraging results(l0.11). Zinc chloride was chosen as a 
catalyst because of its reported catalytic activity for hydrocracking 
aromatic structures(l2). This paper discusses the results of a study 
of the reactions of supercritical water (SW) with organic compounds that 
were found, or postulated, to be intermediates in the reaction of 
isoquinoline with SW. Since the isoquinoline reaction produced 
significant yields of ethyl benzene and o-xylene(4) it was assumed that 
benzylamine (BA) would be representative of the intermediate structure 
formed after the initial bond rupture in the heterocycle. It was found 
that benzaldehyde, benzylidenebenzylamine (BBA) and benzyl alcohol were 
intermediates in the BA-SW reaction(5). thus these are the primary 
subjects of the current study. 

EXPERIMENTAL 

The experiments were carried out in a small (47 cm3) stainless steel, 
batch reactor, which was not equipped for the collection of gaseous 
products for analysis. The reactor was loaded with about 2 . 0 0  g of an 
organic compound. Water (10 ml) was added for the SW experiments to 
produce the desired pressure at reaction temperature, catalysts were 
added as needed, then the reactor was purged with argon and bolted 
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closed using a copper gasket. The reactor was placed in a fluidized 
sand bath furnace for the required reaction time, about 15 minutes was 
required to reach 375OC. Following reaction, the vessel was air cooled, 
opened, the reaction mixture removed and the water and organic layers 
separated. Portions of methylene chloride solvent were used to rinse 
the reactor and extract the water layer. These portions were combined 
with the organic layer and additional solvent added to a standard volume 
for quantitative determinations made gas chromatographically using peak 
area calibrations from known solutions. The components for these 
solutions were identified mass spectrometrically. 
There were certain limitations on the g.c.-m.5. determinations: Some 

components could not be separated completely and these are reported as 
a total yield of mixture using an average calibration factor. Some 
products are reported as an isomer of a probable structure as deduced 
from the molecular weight and m.5. fragmentation pattern. Finally, many 
of the higher molecular weight minor products could be measured only 
with a low degree of precision by g.c. and calibration factors were 
estimated. 

RESULTS AND DISCUSSION 

The previous study of the isoquinoline - SW reaction(4) has indicated 
that following the rupture of the CN bond in the 1-2 or 2-3 position, 
the nitrogen portion would undergo hydrolysis and decarboxylation while 
the carbon end was either capped directly, or shortened and capped, by 
hydrogen thus producing toluene, ethylbenzene or o-xylene, the major 
volatile products. To help substantiate this proposed sequence of 
reactions, the benzylamine - sw reaction was studied(5). Since 
benzaldehyde, benzyl alcohol and benzylidenebenzylamine 
(CgHgCH2N=CHCgH5) were observed as intermediates in the BA - SW reaction 
it was necessary to determine how they contributed to the formation of 
the final products. 
The data reported in Tables 1-4 are a small portion, but 

representative, of the results obtained. Ammonia was added in some 
experiments since it would be present in the denitrogenation of amines. 

Benz 1 Alcohol 
Tabli 1 shows that SW by itself had relatively little influence on the 
on the pyrolysis reaction, both giving low yields of volatile products 
and significant amounts of black char/tar. The added ammonia suppressed 
the char/tar formation, producing clear yellow solutions and 
significantly higher yields of volatile products. It is believed that 
the most important observations are: (a) that for all experiments 
toluene is formed in the highest yield and (b) the presence of Sw does 
promote the formation of benzaldehyde which, as will be shown later, 
would lead to higher benzene yields. The second observation is 
consistent with other data that have shown SW capable of removing 
hydrogen from tetralin(4) and benzylamine (to be discussed later). 

Benzvlidenebenzvlamine (BBA) 
In this and the following sections, Ar will be used for the phenyl group 
( C g H 5 . ) .  The formation of BBA in the BA - SW reaction was most probably 
from the standard imine preparation 
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ArCnO + ArCH2NHZ - ArCH=NCH2Ar + Ha0 

since benzaldehyde was also found in this reaction. The data in Table 
2 show that BBA - SW reaction produces benzene and toluene in comparable 
yields. However, since some benzaldehyde is also produced the above 
reaction must be somewhat reversible. It appears that benzene and other 
products formed from phenyl radicals have benzaldehyde as their 
precursor, the evidence for which will be given later. An important 
point to note is that the addition of a hydrogen donor, 
dihydroanthracene (DHA), promotes the formation of toluene at the 
expense of benzene and other species which form from benzaldehyde. The 
following reaction sequence is a possible explanation: 

H2 H2 
ArCH=NCH2Ar --> (ArCH2)2NH --> 2 ArCH3 + NH3 

Thus, it appears that rupture of the single CN bond leads to toluene 
while the C=N segment can be hydrolysed by the reverse of the imine 
formation reaction. 

Benzoic Acid 
It has been assumed that benzene is formed from the decarboxylation of 
benzoic acid although it had not been observed as an intermediate in the 
reactions studied earlier. The data in Table 3 show that benzoic acid 
does react about as expected. However, while sw appears to slow the 
reaction compared to pyrolysis, ammonia acts as a catalyst to produce 
an almost quantitative yield of benzene. 

Benzaldehyde 
Again it would appear that SW has relatively little effect on the 
pyrolysis of benzaldehyde. The data in Table 4 show that the extents 
of reaction and product distributions are very similar (except the 
benzyl alcohol yields are increased somewhat with SW) for the reactions 
with and without water. However, with the addition of ammonia the 
reaction rates are increased as well as the toluene yields. The most 
important observation is that the major product is benzene indicating 
an oxidation/decarboxylation sequence is predominant. Clearly the 
presence of a source of hydrogen (DHA) promotes the benzyl alcohol 
sequence to form toluene at the expense of benzene. To a lesser degree 
ammonia has a similar effect but the mechanism by which this occurs 
would be very speculative. 

The conclusion that can be drawn is that benzene and other products 
formed from phenyl radicals are produced through the oxidation of 
benzaldehyde. However, in that process since hydrogen is produced it 
is possible to reduce some unreacted benzaldehyde to the alcohol from 
which toluene and products formed from benzyl radicals are obtained, 
with some reversibility in the oxidation/reduction part of the sequence. 

Another possibility is that the Cannizzaro disproportionation is 
taking place which is base catalyzed. However, this would be expected 
to lead to equal yields of benzoic acid and benzyl alcohol or their 
respective subsequent products. Since the products resulting from 
benzoic acid are predominant it appears that SW may alter the mechanism 
to favor this product, possible through hydrogen removal from a 
benzaldehyde-water adduct. 

: 
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Mechanism considerations 
The formation of biphenyl and 168 isomers (methyl biphenyls) as well as 
benzene demonstrate that phenyl radicals exist as intermediates. The 
formation of bibenzyl and other 182 isomers (benzyl toluenes) and the 
168 isomers as well as toluene demonstrate the presence of benzyl 
radicals. The previous results with bibenzyl and SW(5) show 
conclusively that once benzyl radicals form, they abstract hydrogen or 
combine with other radicals resulting in very little (if any) 
oxidation/decarboxylation to benzene. These results from bibenzyl in 
addition to those obtained from BA, BBA and BBA plus DHA lead to the 
following conclusions: (a) The CN bond in the reactant is necessary for 
the hydrolysis/oxidation sequence to be initiated. (bl If a CN single 
bond exists in an aromatic side chain it may rupture to form a radical 
that is capped by hydrogen producing an alkylated aromatic, or hydrogen 
can be removed to form a CN multiple bond. ( c )  Once formed, the CN 
multiple bond can undergo the oxidation/decarboxylation process. (d) 
These reactions are somewhat reversible. (e) Ammonia catalyzes the 
hydrolysis/oxidation and decarboxylation processes. (f) Finally, it must 
be concluded that SW can facilitate the removal or transfer of hydrogen 
from many reactants and intermediates as evidenced by the results of 
tetralin in SW(4). benzaldehyde sequence of reactions from the BA-SW 
reaction(5), benzamide and from benzaldehyde-SW with added ammonia 
(Table 4 )  and for many of the hydrolytic/oxidation sequences leading to 
the observed products to be possible. 
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Table 1 Benzyl Alcohol 

Water Pressure (psi) 

Volatile Productsb(%Yield) 
Added NH3 (Molar) 

Benzene 
Toluene 
Benzaldehyde 
Biphenyl 
168 Isomers 
182 Isomers 
DHP/Stilbene 
Benzylidenebenzylamine 
Above 190 

- sw Reactiona 
0 3870 
0 0 

2.8 2.6 
24 20 
0 6.0 
0.1 0 
3 3 
8 11 
0 0 

8 
- - 

- 

3870 
2M 

19 
42 
9.5 
2.3 
4 
2 
1.6 
1.2 
1 

3870 
6M 

21 
4 4  
5.5 
2.6 
5 
2 
1.4 
1.6 
3 

a. All experiments were at 4 0 0 C  for 3 hrs, all extents of reaction were 
about 100% and the two experiments without ammonia gave black tarry 
products, the others gave clear yellow solutions. 

b.The numbers represent molecular weights of mixtures, DHP is 
dihydrophenanthrene. 

Table 2 Benzylidenebenzylamine - SW Reaction. 
Time (h) 1 
Addl tive 0 
Volatile Productsb(%Yield) 

Benzene 22 
Toluene 24 
Benzaldehyde 22 
Benzyl alcohol 2.8 
Benzamide 0.6 
Biphenyl 4.1 
168 Isomers 4 
Fluorene 0.1 
Bibenzyl 2.7 
Benzophenone 1.3 
182-196 Mixture 4 
Above 200 6 

3 6 9 
0 0 0 

29 35 34 
26 28 29 
11.0 3.4 2.0 
2.4 0.2 0.1 
0 .4  0 0 
6.4 7.3 7.2 
6 7 7 
0.4 0.6 0.8 
2.6 2.0 1.9 
1.9 1.0 0.8 
4 2 2 
6 8 8 

3 3 
6 8  NH3 2g DHA 

28 11 
29 54 
3.1 0 
0.4 0 
0.5 0 
4.2 0.4 
5 
0.4 - 
3.4 - 
1.2 - 
2 
15 - 

- 

- 

a. All experiments were at 4 0 0 C  and about 3870 psi water pressure. The 
extents of reaction were all above 95%. All solutions were clear. 

b. The numbers represent molecular weights of product mixtures. 

Table 3 Benzoic Acid - SW Reaction. 

Time (h) 3 
Water Pressure(psi) 0 
Added NH3 0 
% Reaction 95 
Volatile Products(%Yield) 

Benzene 80 
Phenol 1.5 
Biphenyl 3.1 

* rill experiments were at 400C446 

4 
3870 
0 
58 

79 
0.4 
0.4 

4 
3870 
2 M  
100 

92 
0.1 
0.2 
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Introduct ion 

Coal liquefaction is a complex set of chemical reactions involving coal and solvent that  is usually summarized 
globally in terms of the reaction of solubility- or boiling point-defined product classes. This modelling approach is 
warranted because both identification and kinetics solution of the large number of elementary reactions governing 
coal liquefaction is formidable. Nevertheless, the number of elementary reaction families is far less than the actual 
number of governing elementary reactions, which permits a hybrid molecular/lumped analysis of coal liquefaction 
kinetics. This also allows some of the rigor of molecular chemistry to  be brought to  bear on the synthesis of 
novel coal liquefaction process concepts. The  purpose of the present paper is t o  use a hybrid molecular/lumped 
analysis of coal liquefaction reaction families to suggest the possibility of optimal chain transfer solvents for the 
initial stages of coal fragmentation. 

The liquefaction reaction families are organized in Figure 1. Bond homolysis, followed by radical capping, is 
a time-honored view of coal liquefaction that  has recently been suggested [l] t o  constitute only a portion of the 
overall reaction set. Any coal- or solvent-derived radical can abstract hydrogen from a donor (within coal or from 
a solvent); these radicals can also induce cleavage of coal bonds through ipso substitution and radical-induced 
hydrogen transfer (RHT). Kinetically significant &scission steps are also available to  coal- and solvent-derived 
radicals, Radical recombination and radical addition t o  olefins, the reverse of bond homolysis and B scission, 
respectively, are also kinetically significant. 

As regards coal liquefaction, steps 1-4 are desirable: they lead to  molecular weight reduction. Steps 5 and 
6 are undesirable, since they lead to  molecular weight growth (these might be termed “primary” retrograde 
reactions). Increasing the rates of 1-4 relative to 5 and 6 during the initial stages of coal liquefaction would allow 
for better net fragmentation of the macrostructure. As developed below, this can amount t o  increasing the kinetic 
chain length during the initial stages of coal liquefaction. 

The reaction families 1-6 collectively possess aspects o f a  kinetic chain process. Reaction 1 initiates, Reaction 
2-4 (and 6) propagate, and Reaction 5 terminates a chain. The essential feature of the chain is its kinetic chain 
length, :.e., the rate of consumption of coal by steps 2 4  relative to  that by step 1. At the condition of steady 
state, step 1 must be equal in rate to  step 5 ,  which is a primary retrograde reaction. As highlighted in Figure 1, 
a chain transfer solvent will catalyse the desirable kinetic cycle through hydrogen transfer steps, increasing the 
turnover of the propagation cycle by shuttling H atoms without net consumption of hydrogen; pz is regeneraled 
in the cycle. A chain transfer solvent will, by definition, have slow @-scission pathways available to  p2. Of course, 
p2 can terminate with itself or coal-derived radicals, and may also be less reactive than the original coal-derived 
radical, R, of Figure 1. Both of these factors would tend to  lower the turnover or chain length, which motivates 
the need for quantitative kinetics analysis. 

The classic Rice-Herzfeld (RH) formalism provides a convenient vehicle for the kinetics analysis of the forego- 
ing chemistry. The  reaction families of Figure 1 are organized according t o  the RH formalism in Figure 2, which 
includes unimolecular bond homolysis, bimolecular hydrogen transfer, unimolecular 0 scission and bimolecular 
termination steps for coal and coal-derived radicals. Additional bimolecular hydrogen transfer and recombination 
steps involve the chain transfer solvent. Note that the propagation cycle, : . e . ,  the hydrogen transfer and p- 
scission steps, sum to include the RHT step, which is therefore implicitly included in this analysis. 

In outline of the remainder of this communication, kinetics analysis of the scheme of Fig. 2 is aimed at  
resolving the attributes of solvents that will enhance turnover of the propagation cycle, i . e . ,  the kinetic chain 
length. This analysis will also show, as suggested by McMillen [l], the existence of a solvent of optimal C-11 
bond strength. In particular, the  solvent with the most easily donatable hydrogen is not the best liquefaction 

* Corresponding author. 
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solvent. We will show that  the intrinsic chemistry that  controls the catalytic effect of the chain transfer solvent 
is determined by the difference in reactivities of the coal- and solvent-derived radicals. 

Analysis  

Kinetics analysis of the steps of Figure 2 is phrased in terms of the RH transformation of reactant (A1 = pl  H) 
through free-radical intermediates P1 and p1 to  products P1H and Ql.  Chain transfer occurs through the addition 
of A2 ( p 2 H ) ,  which can donate hydrogen to  PI ,  or to  p1 in the case of slow 0 scission. The  thus-derived p2 radical 
can abstract hydrogen from A1 or terminate with another radical. Individually, A2 is stable and,  in particular, 
p2 does not have a kinetically significant &scission path. This results in no net consumption of the catalyst A?. 

The long-chain rate of consumption of A I ,  

rA, = kllAtPl+ k;iA1~2 - k;2A2~1 (1) 

can be written in terms of observable species' concentrations by invoking the pseud-steady s ta te  approximation 
on radical concentrations. T h e  PI and p1 balances provide the concentrations p~ and p2 in terms of 01. The  
equality of initiation and termination rates then provides the final information needed to  express PI (and, thus, 
p1 and p2 ) in terms of A l ,  Az and the rate constants for elementary steps. 

The thus-derived rate expression for the pyrolysis of A1 in the presence of a chain transfer solvent (A2) is: 

where, 
D = (1 + PS2(73 + 7SPs2)  + M1(1+ I'O'S~)(YI + PS2(73)' + 7 4  + 27s)'e)s2)+ 

M:(l + PS2)2(72 + P)'(S2(74 + YsPQS~)))  (3) 
In Eqs. 2 and 3, MI = h l A l / k l ,  k' = kn/kkl ,  8' = kkl /k l l ,  4' = k12/k;21 Sa = A2/A1 and 7i is a termination 
rate constant relative to  tha t  for 01 self-termination. 

The influence of the chain transfer solvent A2 is emphasized by considering the enhancement 
E1 = TA,(AI ,A~) /TA, (A~)  of the rate of consumption of A1 caused hy the addition of A2. Recognizing v A l ( A i ) ,  
the rate in the absence of a chain transfer additive, to  be : 

The chain transfer solvent therefore effects rate enhancement through modified rates of chain propagation 
(b, O', Sa) and chain termination (71, 72, ...y 5, 4'). 0' indicates the ease of H abstraction from A1 by p2 and PI 
radicals, and k' is a cross-coupling parameter which compares the propensity of P1 radicals to  abstract H from 
A2 with that of p2 radicals t o  abstract H from A I .  4' describes relative time constants for H abstraction from 
the shuttler molecule by p1 and P1 radicals, respectively. 

Application of Eq. 5 t o  coal liquefaction reaction families suggests several chemistry-driven simplifications. 
In many cases P scission is fast relative t o  H abstraction (MI -+ 0) which permits the simplification of Eq. 5 to: 

(6) 
(1 +PO'S2) 

E1 = 
(1 + $Is2(73 +ys$Is2))5 

In this instance Pl and p2 are the most abundant reaction intermediates. For the reasonable limiting case of 
equal termination rate constants save the statistical factor of 112 for self collision, the denominator simplifies t o  
a perfect square and allows E1 to  be written as: 

(1 + PO??,) 
(1 + 1'5.2) 

E1 = P 
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Thermochemica l  Cons t r a in t  

Further inspection of the controlling dimensionless groups &' and B'shows them t o  be relative rate constan1.s 
for a family of hydrogen abstraction reactions. The Evans-Polanyi relation E' = Eo + a A H R i  for exothermic 
reactions (EXO) [2] should then provide a reasonable estimate of El in t e r m  of reaction enthalpies and, ultimately, 
comparative bondstrengths [3 - 91. The dependence of these dimensionless groups on the relevant bond strengths 
is illustrated in Table 1, where 8' is shown t o  be a function of d;,-,, and d;.-,, and &' a function of d ; , - l l ,  
d; , -If  and d;,-,,. 

Eqs. 6 and 7 for ,571. and the expressions in Table 1 for 8' and i', allow illustration of the dependence of 
E on d;,-,,, and d;,- , , .  For a model where coal species are lumped as pseudo component 1, and witli 
the chain transfer solvent as pseudo component 2, i t  is reawnable t o  consider PIH and p i H  as fixed by the coal 
type and p 2 H  to be a design parameter. This renc!ers El dependent on d;.-,, and T for a given coal. This 
dependence is illustrated in Figure 3 for T= 400 ' d a n d  $,-,, = 87 kcal/mol, the bond strength for fission of 
toluene, P I H ,  into A and P i .  Inspection of Figure 3 reveals an extremum in the dependence of El on d;,-l l .  
For low d;,-,,, the easily formed pz radicals are also very stable. Here p2 - H acts as an  inhibitor and lowers 
the rate. At the high d;,-,, extreme, highly reactive p2 radicals are formed only with great difficulty. In the 
limit $,-H - m the additive acts as an inert diluent, and El 4 1. In an intermediate regime of sa-,, the 
enhancement El > 1. Thus Figure 3 summarizes the homogeneous equivalent of the classic Balandin Volcano 
curve illustrating the principle of Sabatier. 

The  effect of unequal termination rate constants (Eq. 6) is illustrated in Figure 4. When, for example, p2 
radicals terminate with one one-thousandth the rate constant of Pi radicals (y = 0.001), the enhancement is 
amplified by a factor of about 4. 

Sensitivity to Parameters 

Eq. 7 allows more careful delineation of the conditions for enhancement and the location of the maximum 
of Fig. 3. Clearly El > 1 for 8' > 1, or d;,,, > d;,,,. This indicates that the formation of a less-stable p? 
radical, relative to  the PI radical, will increase the rate relative to  neat pyrolysis. Likewise, for 8' < 1, the rate 
will decrease. But the magnitude of the effect will depend upon the rate of forming the p2 radicals, as shown by 
the derivative of El with respect to  k'S2. ;.e., 

450 
This is positive for 8' > 1 and negative for 8' < 1. Thus the group &'S attenuates the effect dictated by the value 
of 8'. Finally, the curves parametric in $,,, in Figure 3 intersect a t  8' = 1, which corresponds to $,,,= d; , l l ,  
for all values of d;,,,. 

Relevant coal model compound data  are summarized in Table 2. The enhancement of dibenzyl ether (DBE, 
d;,,-,, = 78.85 kcal/mol and $,-,, = 87 kcal/mol) was observed in each of diphenylmethane, triphenylmethane, 
fluorene, dihydroanthracene, dihydrophenanthrene, and bibenzyl. The chain transfer solvents span a range of both 
C-I1 bond strengths (3-101 and termination rate constants. For example, triphenylmethyl radicals are known to 
be persistent due t o  steric hindrance to  self collision. In this case, 75 - 0 and yz << 1, and therefore the erect 
on DBE pyrolysis is predicted by the uppermost curve of Fig. 4. 

Actual coal liquefaction data  are consistent with the existence of an optimal chain transfer solvent. McMillen's 
analysis of the coal conversion data  of Curtis [ll] in terms of the C H  bond dissociation energy of the liquefactioii 
solvent is summarized in Figure 5. McMillen's observation that  the 'optimal' solvent was not that which most 
easily donated hydrogen (low d;?+,,) supported the hypothesis that  the traditionally accepted view of coal 
liquefaction comprising bond scission and radical capping was incomplete. The likelihood of radical hydrogen 
transfer (RHT) as a mechanism for the fragmentation of strong bonds was noted. The behavior in Figure 5 
is also consistent with the notion of an optimal chain transfer solvent. This suggests that  the chain transfer 
scheme of Fig. 1 may contribute to  the overall observable kinetics of coal liquefaction. Further delineation of the 
contributions of chain transfer, fission, RHT, etc. awaits more detailed accounting of the differences between coal 
and its model compounds. 

' For endothermic reactions (ENDO) E' = Eo + (1 - u)AHR 
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Conclusions 

In summary, kinetic coupling of reaction cycles involving coal and solvent species can result in the presence of 
an optimal solvent for coal liquefaction. The present analysis permits qualitative prediction of this behavior using 
the hybrid molecular/lumped chain transfer scheme outlined in Fig. 1. Model compound data  are consistent with 
these predictions. 
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Table 1: Thermochemica l  Relat ionships  

Dimensionless 
Group [D] 

RT In D = AE‘ 

EXOIEXO ENDOIEXO EXOIENDO 

Tab le  2: Experimental Observations of D B E  E n h a n c e m e n t  in Chain Transfer  Solvents  

Solvent  E d: ,, Explanation Conclusions 

Diphenylmethane 0.8 84f2 (e’ = 0.57) 75 - 0.25 
’lliphenylmethane 1.5 75*4 7 < 1 due to  steric hindrance (8’ = 0.025) 75 - 0.0003 
Fluorene 1.3 81 7 < 1 due to steric hindrance (0’ = 0.33) y5 - 0.3 
Dihyroanthacene 0.40 77*2 (8’ = 0.077) 75 - 0.04 
Bibenzyl 0.65 8513 (e‘ = 0.69) 75 - 1.5 Dihyrophenanthrene 0.37 83 (e‘ = 0.47) 75 - 2  
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Figure 1 

Coal Liquefaction Reaction Families 

1. Bond Homolysis 

2. Hydrogen Transfer 

3. I3 Scission 

4. Radical-Induced 
Hydrogen Transfer 

5. Radical Recombination 

6. Radical Addilion 

Figure 2 

Rice-Herzfeld Pyrolysis Mechanism 
bsludIn( Chain 1ran.l.r Ekmway S t e p  
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Figure 3 Rate Enhancement due to Hydrogen Transfer Solvent 
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Figure 4 Rate Enhancement due to Chain Transfer Solvent: 
Effect of Unequal Termination Rate Constants 

453 



100 - 
90. 

lg 2 80' 

7 0 '  

60- 
S 6 5 0 -  

'g 40' 

30- 

3 20' 

A A  

A 
PI.H2 Phen-HP 

b H 2  A 
AcaN 

A 
A Ind 

Tet 

Figure 5 Coal Liquefaction Efliciency 

454 


